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Studies  conducted  over  the  last  decade  have  well  established  a  direct  relationship  between  deteriorating 
human  health  and  diesel  engine  exhaust  Biodiesel  has  shown  a  lot  of  promise  in  terms  of  both  its  rela¬ 
tively  higher  combustion  efficiency  and  lower  harmful  emissions.  Biodiesel  has  the  potential  to  replace 
a  significant  amount  of  the  petroleum  used  to  power  diesel  engines.  The  emissions  from  biodiesel  are 
different  than  petroleum-based  diesel  and  it  is  important  to  understand  how  they  are  different  with 
respect  to  the  levels  emitted  and  the  combustibility  of  the  particulates.  One  of  the  major  pollutants  emit¬ 
ted  from  engine  exhaust  is  particulate  matter  (PM).  PM  emitted  from  tailpipes  contains  a  variety  of  toxic 
contaminants  either  embedded  or  adsorbed  on  its  surface.  This  study  provides  a  one  to  one  comparison 
between  PM  emitted  from  a  mid-size  engine  running  on  petroleum-based  diesel  versus  biodiesel.  The  key 
physical  and  chemical  parameters  analyzed  include  metals,  benzene  soluble  organic  fraction,  elemental 
and  organic  carbon  fractions,  particle  morphology,  particle  number  and  size  distribution.  This  is  the  first 
study  of  its  kind  where  various  aspects  of  the  PM  emitted  from  a  biodiesel-operated  engine  have  been 
extensively  studied.  The  major  results  from  the  study  showed  that  metals  that  come  from  engine  wear 
are  not  present  in  biodiesel  exhaust  particulate  due  to  its  self  lubricating  properties.  Samples  collected 
of  mineral  diesel  exhaust  are  relatively  darker  in  color  and  stickier  than  biodiesel  exhaust.  Biodiesel  and 
its  blends  gave  more  benzene  soluble  organic  fraction  (BSOF)  in  engine  exhaust  particulate  matter  than 
mineral  diesel  at  all  operating  conditions.  B100  gave  higher  number  of  smaller  particles  in  its  exhaust 
than  mineral  diesel;  comprehensively  all  size  particles  were  also  higher  in  case  of  B100.  Peak  particle 
concentrations  for  biodiesel  were  shifted  towards  smaller  size  particles.  As  load  increases,  B20  emission 
performance  in  terms  of  particle  concentrations  improves  very  rapidly  and  even  surpasses  mineral  diesel 
emission  performance.  Scanning  electron  microscope  (SEM)  images  for  B100  and  B20  showed  granular 
structure  particulates  with  bigger  grain  size  compared  to  mineral  diesel.  Among  B100,  B20  and  mineral 
diesel,  total  particle  accumulation  was  maximum  for  mineral  diesel. 
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1.  Introduction 

The  main  concerns  about  particulates  are  environmental 
impact,  adverse  health  effects,  decreased  visibility,  and  soiling 
of  buildings.  A  strong  relationship  between  exposure  to  vehicle- 
related  air  pollutant  emissions  and  adverse  human  health  impacts 
is  now  well  established  [1-3].  Diesel  is  the  source  of  toxic  species 
such  as  benzene  and  polycyclic  aromatic  hydrocarbons  (PAH’s),  and 
metals  in  addition  to  the  oxides  of  nitrogen  (NOx),  and  PM.  Particu¬ 
late  mass  is  the  only  criteria  applied  by  the  automotive  regulatory 
authorities  all  over  the  world  even  though  all  respiratory  prob¬ 
lems  and  toxicology  related  problems  directly  depend  upon  the 
particulate  size  and/or  surface  area. 

Various  health  effects  of  particulates,  from  less  serious  to  very 
serious  ones  are  associated  with  its  specific  chemical  and  physical 
(but  mostly  chemical)  components  [4].  Exposure  to  heavy  metals 
cause  adverse  health  effects  including  toxicity  [5].  Many  organic 
pollutants  such  as  polycyclic  aromatic  hydrocarbons  (PAH’s)  are 
carcinogenic,  mutagenic  and  genetotoxic,  even  if  they  are  present  in 
small  concentrations.  Therefore,  it  is  important  to  identify  potential 
sources  and  characterize  them  in  terms  of  metals/toxic  compounds 
for  protection  of  public  health. 

Metals  associated  with  the  finer  fraction  of  particulates  mostly 
originate  from  incomplete  combustion  of  carbon  containing  mate¬ 
rials  in  motor  vehicle,  power  plants,  smelters  etc.  A  study  conducted 
on  12  heavy  metals  present  in  air  at  traffic  junctions  in  Mum¬ 
bai,  India  and  they  found  that  almost  50-60%  of  particulates  in 
air  could  be  attributed  to  vehicular  emissions  from  diesel  engines 
[6].  In  urban  areas  of  developing  countries,  usage  of  diesel  engines 
has  increased  several  folds  in  last  few  decades.  Emission  inventory 
data  of  Delhi  [7]  suggest  that  emission  contribution  from  vehicles 
can  be  up  to  70%.  Therefore,  there  is  a  need  to  get  an  insight  into 
emissions  from  transport  diesel  engines  operating  under  different 
loading  conditions. 

Diesel  engines  emit  gaseous  pollutants  and  carbonaceous 
particulates,  typically  described  as  diesel  particulate  matter. 
Particulate  consists  of  an  elemental  carbon  core  with  several 
organic  compounds,  sulfates,  nitrogen-oxides,  metals,  and  irritants 


(such  as  acrolein,  ammonia,  acids,  fuel  vapors,  unburnt  lubricat¬ 
ing  oils)  adsorbed  to  its  surface.  The  particle  size  distribution  and 
chemical  composition  of  particulates  can  vary  greatly  depend¬ 
ing  on  the  engine  type,  engine  speed  and  load,  composition 
of  fuel  and  lubricating  oil,  and  emission  control  technol¬ 
ogy  [8].  A  study  of  environmental  protection  agency  (EPA) 
concluded  that  it  is  not  yet  clear  if  the  risk  of  diesel  emis¬ 
sions  has  decreased  over  time  with  improvements  in  engine 
technology  [9]. 

Diesel  particulate  can  be  characterized  in  terms  of  specific  met¬ 
als,  elemental  carbon,  and  organic  compounds.  However,  it  is  not 
practically  possible  to  speciate  all  organic  hydrocarbons,  which 
may  number  in  thousands.  A  composite  indicator  of  organic  com¬ 
pounds  is  benzene  soluble  fraction  (BSOF),  which  represents  toxic 
organic  compounds.  A  study  by  USEPA  concluded  that  the  organic 
fraction  containing  neutral  and  aromatic  fraction  of  diesel  soot  is 
mutagenic  and  carcinogenic  in  nature  [10].  Crebelli  et  al.  estab¬ 
lished  mutagenecity  of  BSOF  of  diesel  particulates.  BSOF  has  been 
widely  used  for  assessing  the  organic  fraction,  which  is  mostly  toxic 
[11]. 

Scientists  are  constantly  working  on  alternative  fuels,  which  are 
clean  and  efficient  in  combustion.  These  fuels  include  compressed 
natural  gas  (CNG),  biodiesel,  alcohols,  gas-to-liquid  fuels  (GTL),  di¬ 
methyl-ether  (DME)  etc.  For  example,  CNG  has  been  extensively 
used  as  a  clean  fuel  in  Delhi  and  several  other  cities  of  the  world. 
There  is  a  need  to  study  possible  usage  of  other  alternative  fuels  at 
large  scale  and  their  impact  on  human  health  and  environment.  It 
is  not  feasible  to  replace  diesel  engines  with  CNG  engines  in  cities 
all  over  the  world.  Other  alternative  fuels  need  to  be  examined 
for  engine  performance  and  emission  characteristics,  followed  by 
environmental  and  health  impact. 

Biodiesel  is  one  such  fuel  which  is  a  carbon-neutral  fuel  from 
bio-origin.  B20  is  a  blend  of  20%  biodiesel  and  80%  mineral 
diesel,  which  may  partially  replace  mineral  diesel  and  can  be 
implemented  without  significant  changes  in  the  existing  engine 
hardware.  Biodiesel  has  also  shown  potential  to  reduce  the  prob¬ 
lem  of  C02  emissions  and  can  partly  meet  energy  needs  especially 
in  rural  areas  [12].  It  needs  to  be  recognized  that  biodiesel  does 
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provide  an  effective  alternative  to  diesel,  but  unless  it  is  ensured 
that  emissions  from  biodiesel  (especially  toxic  pollutants)  will  be 
lower,  or  same  as  diesel,  acceptability  of  biodiesel  as  a  fuel  on  a  large 
scale  may  not  be  forthcoming.  Furthermore,  there  is  an  immedi¬ 
ate  need  to  understand  how  biodiesel  will  impact  emission  control 
devices  and  the  advanced  combustion  techniques  that  the  new 
engines  are  employing. 

In  this  paper,  the  main  attention  is  focused  on  analyzing  par¬ 
ticulates  coming  out  of  engine  exhaust  from  mineral  diesel,  and 
biodiesel  for  the  following  parameters:  Benzene  soluble  organic 
fraction  (BSOF),  trace  metals,  elemental  and  organic  carbon,  engine 
exhaust  particulate  surface  morphology,  size  and  number  distribu¬ 
tion. 

2.  Literature  review 

2.2.  Composition  of  particulates 

Diesel  exhaust  is  a  complex  mixture  of  organic  and  inorganic 
compounds  and  gas,  liquid,  and  solid  phase  materials.  Diesel  par¬ 
ticulates  consist  of  an  elemental  carbon  core  with  several  organic 
compounds  (soluble  and  insoluble  in  organic  solvents),  sulfates, 
nitrogen  oxides,  heavy  metals,  trace  elements  and  irritants  (such 
as  acrolein,  ammonia,  acids,  fuel  vapors,  unburned  lubricating 
oils,  moisture)  adsorbed  to  its  surface.  The  organic  or  hydro¬ 
carbon  compounds  are  made  up  of  a  continuous  gradation  of 
carbon-containing  compounds  that  change  from  a  hydrogen  to  car¬ 
bon  ratio  of  2:1  to  eventually  a  ratio  of  0:1  [13].  They  include 
various  classes  of  compounds  such  as  aldehydes,  alkanes  and 
alkenes,  (both  straight  and  branched  chain),  and  aromatic  com¬ 
pounds  (single  rings,  substituted,  and  poly-nuclear).  Any  of  these 
species  may  also  contain  functional  groups  such  as  carbonyl  (C=0), 
hydroxyl  (OH)  and  nitro  (N02).  These  organic  compounds  orig¬ 
inate  primarily  from  the  unburned  fuel  and  the  lubricating  oil, 
although  some  may  be  formed  during  the  combustion  process 
and/or  reaction  with  catalysts.  The  inorganic  species  include  sul¬ 
fur,  oxygen,  carbon,  and  nitrogen-containing  compounds  such  as 
sulphate  (S04),  carbon  monoxide  (CO),  elemental  carbon,  and 
oxides  of  nitrogen  (NO*).  Some  of  these  compounds  may  also  have 
their  origin  from  the  fuel,  especially  those  containing  sulfur  and 
carbon  [13]. 

About  90%  of  diesel  particulates  encompass  a  size  range  from 
7.5  nm  to  1.0  p>m  [14]  and  are  therefore  important  in  terms  of 
potential  health  impacts  due  to  the  ability  of  tiny  particles  to 
be  inhaled  and  eventually  get  trapped  in  the  bronchial  passages 
and  alveoli  of  the  lungs.  The  carcinogenic  effects  related  to  diesel 
exhaust  particles  is  now  considered  to  have  at  least  two  compo¬ 
nents,  one  related  to  the  inorganic  “carbon  core”  or  SOL  (solid  or 
insoluble)  portion  and  the  other  due  to  the  adsorbed  organics  or 
SOF  (soluble  organic  fraction)  portion. 

Most  of  the  particulates  emitted  by  engines  lie  in  the  nano¬ 
particulate  range  (<50  nm),  while  most  of  the  particulate  mass  lies 
in  the  accumulation  mode  range  that  is  50  nm  <  D  <  1 000  nm  range 
[15].  Particle  size  influences  the  environmental  impact  of  engine 
exhaust  particles  in  several  ways:  it  influences  the  atmospheric 
residence  time  of  the  particles,  the  optical  properties  of  the  par¬ 
ticles,  the  particle  surface  area  and  their  ability  to  participate  in 
atmospheric  chemistry,  and  finally,  the  health  effects  of  the  partic¬ 
ulates. 

The  lightest  organic  compounds  remain  predominantly  in  the 
gas  phase;  the  intermediate  ones  get  partitioned  between  the  gas 
phase  and  particulate  phase;  and  the  heaviest  ones  reside  predom¬ 
inantly  in  the  particulate  phase.  Carbonic  portion  of  particulate  is 
the  combination  of  soot  and  other  liquid-  or  solid-phase  materials 
that  are  collected,  when  product  (exhaust)  gases  pass  through  a  fil¬ 
ter  media.  Total  carbon  present  in  particulates  is  often  separated 


into  a  soluble  organic  fraction  (SOF)  and  an  insoluble  solid  fraction 
(SOL). 

Organic  or  soluble  fraction  present  in  particulates  mainly  con¬ 
sist  of  aldehydes,  alkanes,  alkenes,  aliphatic  hydrocarbons,  PAH’s 
and  PAH  derivatives.  The  organic  fraction  present  in  the  particulate 
comes  from  unburned  hydrocarbon,  lubricating  oil  and  partially 
oxidized  fuel  and  oil  [16].  The  fraction  of  particulate,  which  is 
soot,  is  often  estimated  by  finding  the  insoluble  portion  of  the 
particulate.  The  fraction  of  soot  in  particulate  from  diesel  exhaust 
varies,  but  is  typically  higher  than  50%.  Soluble  organic  fraction 
constituents  include  unburnt/partially  burned  fuel/lubricating  oil. 

2.2.2.  Soluble  organic  fraction 

Soluble  part  of  carbonic  fraction  (SOF)  present  in  particulates 
dissolve  into  organic  solvents  like  benzene,  and  dichloromethane 
[17].  Here  carbonic  term  has  been  used  in  place  of  organic  to  avoid 
confusion  as  in  several  texts;  term  organic  fraction  is  used  to  rep¬ 
resent  the  part  of  particulates  which  is  soluble  in  organic  solvents. 
The  soluble  organic  fraction  forms  from  fuel  in  two  ways:  direct  and 
indirect.  The  direct  path  is  when  fuel  escapes  combustion  and  sim¬ 
ply  passes  as  unburned  fuel  through  the  engine.  This  might  happen 
if  some  fuel  is  over-mixed  with  air,  such  that  there  are  lean  regions 
of  charge  or  there  is  too  much  fuel  present  in  the  mixture  to  sup¬ 
port  the  combustion.  The  indirect  path  is  when  pyrolytic  reactions 
are  for  some  reason  interrupted  in  the  conversion  of  fuel  to  soot, 
i.e.,  if  flames  are  quenched  by  continued  mixing.  In  such  cases,  sol¬ 
uble  organic  fraction  will  contain  pyrolyzed  species  not  originally 
present  in  the  fuel. 

Main  source  of  HC  in  engines  is  incomplete  combustion  due  to 
bulk  quenching  of  flames  in  a  fraction  of  the  engine  cycles  where 
combustion  is  especially  slower.  Composition  of  organic  fraction 
can  be  divided  into  two  distinct  sub-groups:  compounds  that  are 
already  present  in  the  fuel  and  compound  that  are  synthesized  from 
native  compounds.  The  emission  mechanism  for  native  organic 
compounds  is  comparatively  straight  forward.  The  emission  mech¬ 
anism  for  synthesized  organic  compounds  links  to  the  mechanism 
of  formation  of  soot.  In  soot  formation,  fuel  molecules  are  first 
cracked  or  pyrolysed  into  simpler  and  smaller  molecules  and  then 
these  simpler  molecules  build  into  new  structures  of  ever  higher 
molecular  mass  which  act  as  soot  precursor. 

The  first  step  is  irrefutable,  since  light  hydrocarbons  e.g. 
methane  appear  in  exhaust  gas  even  when  wholly  absent  from  the 
fuel  [18]  and  hence  hydrocarbon  emission  is  composed  of  native 
and  new  born  compounds  [19].  In  the  second  step,  soot  forma¬ 
tion  is  interrupted  such  as  by  insufficient  temperatures  or  flame 
quenching  or  too  high  or  too  lean  fuel  zones,  soot  precursors  are 
then  emitted  instead  of  organic  particulates.  For  instance,  poly- 
aromatic-hydrocarbons  (PAH’s)  that  are  already  present  in  the  fuel 
and  which  are  of  molecular  mass  128-206  amu  (atomic  mass  unit) 
are  completely  distinguishable  from  the  PAH’s  that  are  synthesized 
during  the  soot  precursor  formation  mechanism,  which  are  of  mass 
(228-350  amu),  [20].  This  understanding  is  soundly  supported  by 
models  [21].  For  these  reasons,  hydrocarbons,  organic  particulates 
and  carbonaceous  particulates  are  all  interlinked  by  a  web  of  chem¬ 
ical  reactions  that  take  place  inside  the  combustion  chamber.  A 
conceptual  scheme  [22]  links  hydrocarbons  in  the  form  of  light 
molecular  weight  hydrocarbons  in  the  emission  (gaseous  phase) 
as  organic  particulates  collected  on  the  filter  paper  and  carbona¬ 
ceous  particulate  emission  i.e.  soot.  The  organic  fraction  consists  of 
particulate  hydrogen  and  carbon  contained  in  aliphatics  (for  exam¬ 
ple  alkanes)  and  aromatics  (i.e.  PAH’s),  and  other  organically  bound 
elements.  A  common  view  of  the  organic  fraction  is  that  it  consists 
of  five  elements  C,  H,  N,  O,  S  [23]  e.g.  oxygen  as  hydroxyl  (R-OH), 
and  sulphonates  (S03-).  Some  organo-sulfur  compounds  are  also 
formed  in  the  combustion  process,  rather  than  just  being  unburned 
fuel  remnants  [24]. 
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Fig.  1.  Schematic  diagram  of  the  steps  in  the  soot  formation  process  from  gas  phase  to  solid  agglomerated  particles  [23]. 


2.2.2.  Carbonaceous  fraction  or  soot 

The  SOL  or  soot  is  important  because  it  represents  the  basic 
solid  particles  that  originate  from  the  combustion  process.  The 
other  hydrocarbon  emissions  that  is  important  to  characterize  is 
the  vapor  phase  hydrocarbons  that  are  not  bound  to  the  particles. 
This  component  can  be  measured  by  collection  of  hydrocarbons  on 
an  adsorbent,  which  remain  after  passing  the  exhaust  through  the 
filter  used  to  remove  the  particulates. 

The  evolution  of  liquid-  or  vapor-phase  hydrocarbons  to  solid 
soot  particles  and  possibly  back  to  gas-phase  products  involve  six 
commonly  identified  processes:  pyrolysis,  nucleation,  coalescence, 
surface  growth,  agglomeration,  and  oxidation.  A  sequence  depict¬ 
ing  the  first  five  of  these  processes  comprise  the  soot  formation 
process  as  pictured  schematically  in  Fig.  1,  while  oxidation,  the 
sixth  process,  converts  hydrocarbons  to  CO,  C02  and  H20  at  any 
point  in  the  process.  The  processes  pictured  may  proceed  in  a  spa¬ 
tially  and  temporally  separated  sequence  as  occurring  in  a  laminar 
diffusion  flame  or  all  of  the  processes  may  occur  simultaneously 
as  in  a  well-stirred  reactor.  In  practical  combustion  systems,  the 
sequence  of  processes  may  vary  between  these  two  extremes. 

Oxidation  is  the  conversion  of  carbon  or  hydrocarbons  to  com¬ 
bustion  products.  Once  carbon  has  been  partially  oxidized  to  CO, 
this  carbon  will  no  longer  evolve  into  a  soot  particle  even  after 
entering  a  fuel-rich  zone.  Oxidation  can  take  place  at  any  time 
during  the  soot  formation  process  from  pyrolysis  through  agglom¬ 
eration.  The  most  active  oxidation  species  depends  on  the  process 
and  state  of  the  mixture  at  that  time. 

Glassman  [25]  stated  that  soot  particle  oxidation  occurs  when 
the  temperature  is  higher  than  1300  K.  Smith  [26]  added  that  soot’s 
graphite-like  structure  is  thought  to  be  responsible  for  its  unusually 
high  resistance  to  oxidation.  Oxidation  of  small  particles  is  consid¬ 
ered  a  two  stage  process.  First,  chemical  attachment  of  oxygen  to 
the  surface  (absorption),  and  second,  desorption  of  the  oxygen  with 
the  attached  fuel  component  from  the  surface  as  a  product  [25]. 
Bartok  and  Sarofim  [27]  suggested  that  OH  most  likely  dominates 
soot  oxidation  under  fuel-rich  and  stoichiometric  conditions  while 
under  lean  conditions,  soot  is  oxidized  by  both  OH  and  02.  Haynes 
and  Wagner  [28]  stated  that  about  10-20%  of  all  OH  collisions  with 
soot  are  effective  in  gasifying  carbon  atoms. 

Pyrolysis  is  the  process  of  organic  compounds,  such  as  fuels, 
altering  their  molecular  structure  in  the  presence  of  high  temper¬ 
ature  without  significant  oxidation  even  though  oxygen  may  be 
present.  Pyrolysis  reactions  are  generally  endothermic  resulting 
in  the  fact  that  their  rates  are  often  highly  temperature  depen¬ 
dent  [26].  Fuel  pyrolysis  rates  are  also  a  function  of  concentration. 
Fuel  pyrolysis  results  in  the  production  of  some  species  which  are 
precursors  or  building  blocks  for  soot.  Soot  precursor  formation 
is  a  competition  between  the  rate  of  pure  fuel  pyrolysis  and  the 
rate  of  fuel  and  precursor  oxidation  by  the  hydroxyl  radical  (OH). 
Both  pyrolysis  and  oxidation  rates  increase  with  temperature,  but 
the  oxidation  rate  increases  faster.  This  explains  why  premixed 
flames  (where  some  amount  of  oxygen  is  present)  are  soot  less 
and  diffusion  flames  (no  oxygen  is  present  in  the  pyrolysis  region) 
soot  more  as  the  temperature  increases.  Radical  diffusion  is  impor¬ 
tant  in  diffusion  flames,  especially  H,  which  accelerates  pyrolysis 
when  diffused  into  the  fuel-rich  zone  [25].  Some  researchers  have 
suggested  that  small  amounts  of  O,  02  and  OH  radicals  might 


accelerate  pyrolysis  since  many  of  the  reactions  take  place  by 
means  of  a  free  radical  mechanism  [26].  All  fuels  undergo  pyrolysis 
and  produce  essentially  the  same  species:  unsaturated  hydrocar¬ 
bons,  polyacetylenes,  polycyclic  aromatic  hydrocarbons  (PAH’s) 
and  especially  acetylene.  Smith  [26]  added  that  if  enough  O  and  OH 
radicals  are  present,  some  acetylene  is  oxidized  to  relatively  inert 
products.  Haynes  and  Wagner  [28]  list  C2H2,  C2H4,  CH4,  C3H6  and 
benzene  as  typical  pyrolysis  products  in  laminar  diffusion  flames. 
They  also  suggested  that  a  decreased  residence  time  in  the  pyrolysis 
zone  reduces  soot  formation  in  diffusion  flames.  Radicals  are  also 
formed  during  pyrolysis  and  Glassman  [25]  suggested  that  larger 
molecules  increase  the  radical  pool  size. 

Nucleation  or  soot  particle  inception  is  the  formation  of  parti¬ 
cles  from  gas-phase  reactants.  Bartok  and  Sarofim  [27]  suggested 
that  the  smallest  identifiable  solid  particles  in  luminous  flames 
have  diameters  in  the  range  1.5-2  nm,  generally  referred  to  as 
nuclei.  The  particle  inception  process  probably  consists  of  radical 
additions  of  small,  probably  aliphatic,  hydrocarbons  to  larger  aro¬ 
matic  molecules.  Particle  inception  temperatures  vary  from  1300 
to  1600K.  These  particle  nuclei  do  not  contribute  significantly  to 
the  total  soot  mass,  but  do  have  a  significant  influence  on  the 
mass  added  later,  because  they  provide  sites  for  surface  growth. 
Spatially,  nucleation  is  restricted  to  a  region  near  the  primary  reac¬ 
tion  zone  where  the  temperatures  and  ion  concentrations  are  the 
highest  in  both  premixed  and  diffusion  flames  [27].  The  processes 
of  growth  to  even  larger  aromatic  ring  structures  leading  to  soot 
nucleation  and  growth  are  similar  for  all  fuels  and  faster  than  the 
formation  of  the  initial  rings.  Thus,  the  relatively  slow  formation 
of  the  initial  aromatic  rings  control  the  incipient  soot  formation 
rate,  which  determines  the  amount  of  soot  formed.  Two  propy- 
nyl  radicals,  C3H3,  are  likely  to  form  the  first  ring.  The  aromatic 
ring  is  thought  to  add  alkyl  groups,  turning  into  a  PAH  structure, 
which  grows  in  the  presence  of  acetylene  and  other  vapor-phase 
soot  precursors.  At  some  point,  the  PAH  is  large  enough  to  develop 
into  a  particle  nuclei,  which  at  this  point  contains  large  amount  of 
hydrogen.  Haynes  and  Wagner  [28]  noted  that  ring-rupture  slows 
down  the  rate  of  soot  formation  and  reduces  the  final  yield.  Bryce 
et  al.  [29]  mentioned  three  soot  nucleation  routes.  (1)  Cyclization 
of  chain  molecules  into  ring  structures.  An  example  of  this  is  acety¬ 
lene  molecules  combining  to  form  a  benzene  ring.  (2)  A  direct  path 
where  aromatic  rings  dehydrogenate  at  low  temperature  and  form 
polycyclics,  and  (3)  breakup  and  recyclization  of  rings  at  higher 
temperatures. 

Few  researchers  have  also  probed  into  the  dependence  of 
the  soot  oxidation  rate  upon  the  length  and  curvature  of  the 
intermediate  graphene  segments  (nanostructures)  formed  during 
combustion.  Different  ratios  of  edge  to  basal  plane  sites  or  amounts 
of  ring  strain  imposed  by  curvature,  burnout  rates  were  found  to 
differ  by  greater  than  400%  for  the  soot  studied.  Surprisingly,  the 
different  soot  nanostructures  were  readily  produced  by  using  dif¬ 
ferent  fuels  and  pyrolysis  conditions.  They  illustrated  this  variation 
between  disordered  soot  derived  from  benzene  and  graphitic  soot 
derived  from  acetylene.  Their  oxidation  rates  differ  by  nearly  five¬ 
fold.  A  temperature  of  1650°C  was  used  for  acetylene  and  ethanol 
pyrolysis  while  1250°Cwas  used  for  benzene  pyrolysis  [30,31]. 

Surface  growth  is  the  process  of  adding  mass  to  the  surface  of 
a  nucleated  soot  particle.  There  is  no  clear  distinction  between  the 
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end  of  nucleation  and  the  beginning  of  surface  growth  and  in  real¬ 
ity  the  two  processes  are  concurrent.  During  surface  growth,  the 
hot  reactive  surface  of  the  soot  particles  readily  accepts  gas-phase 
hydrocarbons,  which  appear  to  be  mostly  acetylenes.  This  leads  to 
an  increase  in  soot  mass,  while  the  number  of  particles  remains  con¬ 
stant.  Surface  growth  continues  as  the  particles  move  away  from 
the  primary  reaction  zone  into  cooler  and  less  reactive  regions,  even 
where  hydrocarbon  concentrations  are  below  the  soot  inception 
limit  [28].  The  majority  of  the  soot  mass  is  added  during  surface 
growth  and  thus,  the  residence  time  of  the  surface  growth  process 
has  a  large  influence  on  the  total  soot  mass  or  soot  volume  fraction. 
Surface  growth  rates  are  higher  for  small  particles  than  for  larger 
particles  because  small  particles  have  more  reactive  radical  sites 
[27]. 

Coalescence  and  agglomeration  are  both  processes  by  which 
particles  combine.  Agglomeration  occurs  when  individual  or  pri¬ 
mary  particles  stick  together  to  form  large  groups  of  primary 
particles.  The  primary  particles  maintain  their  shape.  Typically,  the 
combined  soot  particles  form  chain-like  structures,  but  in  some 
cases  clustering  of  particles  has  been  observed.  Exhaust  soot  from 
diesel  engines  consist  of  primary  particles  which  are  spherical  in 
shape  which  agglomerate  to  form  long  chain-like  structures.  Pri¬ 
mary  soot  particle  size  appears  to  vary  depending  on  operating 
condition,  injector  type,  and  injector  conditions  but  most  primary 
particles  sizes  reported  range  from  20  to  70  nm.  Lee  et  al.  [32]  and 
Bruce  et  al.  [33]  used  a  sampling  probe  and  optical  scattering  tech¬ 
nique,  respectively  and  report  primary  particles  from  20  to  50  nm 
with  an  average  diameter  of  about  30  nm.  Bruce  et  al.  [33]  reported 
a  range  of  30-70  nm  for  the  primary  particle  diameter.  In-cylinder 
light-scattering  measurements  in  diesel  engines  have  produced 
estimates  of  30-50  nm  [34]  and  40-65  nm  [35].  After  combustion 
ends,  particles  agglomerate  further  and  are  seen  to  be  chain-like 
and  typically  range  in  sizes  from  lOOnm  to  2  p,m  [36]  but  may 
become  larger.  The  sampling  technique,  engine  operating  condi¬ 
tion,  injector  hardware,  and  method  for  determining  particle  size 
can  have  an  influence  on  the  reported  particle  size. 

Using  the  basic  measurements,  the  SOL  (sometimes  referred 
to  as  non-soluble  or  soot)  can  be  calculated  using  the  following 
formula: 

SOL  =  TPM  -  SOF  -  S04 


2.2.3.  Ash  fraction/ trace  metals 

Metallic  elements  emitted  by  a  four  stroke  heavy  duty  engine 
include  silicon,  copper,  calcium,  zinc  and  phosphorous,  whereas  in 
two  stroke  engines,  the  metallic  elements  in  emissions  are  lead, 
manganese,  chromium,  zinc  and  calcium  [37].  Calcium,  phospho¬ 
rous  and  zinc  are  normally  present  in  engine  lubricating  oil  as 
additives.  In  some  studies  zinc,  iron,  calcium,  phosphorous,  bar¬ 
ium  and  lanthanum  are  reported  as  abundant  metals  in  exhaust 

[38] .  The  total  emission  of  metals  measured  in  that  study  was  less 
than  0.3%  of  TPM  mass,  with  an  emission  rate  of  1.65  mg/km. 

Calcium  was  found  dominant  metallic  element  in  diesel  particu¬ 
lates,  with  levels  ranging  from  0.01%  to  0.29%  (w/w).  Phosphorous, 
silica  and  zinc  were  the  next  most  abundant  metallic  elements 
found  and  sodium,  iron,  nickel,  barium,  chromium  and  copper  were 
barely  present  and  were  below  detection  limits  of  the  instrument 

[39] .  Silicon,  iron,  zinc,  calcium  and  phosphorous  were  observed 
and  together  constituted  up  to  about  0.5%  of  total  diesel  particulates 
with  emission  rate  of  1 .02  mg/km  reported  as  engine  transient  test 
emissions  of  metals  for  a  medium  duty  truck  [40].  From  the  stud¬ 
ies  mentioned,  it  can  be  inferred  that  the  major  elements  emitted 
from  diesel  engines  are  Ca,  Mg,  Zn,  Pb,  Cr,  and  Ni.  Depending  on  the 
origin  of  fuel,  mineral  oil  metal  content  in  the  fuel  varies.  However, 
it  is  also  noticeable  that  the  metal  contents  in  lubricating  oil  also 


plays  an  important  role  in  the  emission  of  metal  contents  in  engine 
exhaust  particularly  for  Ca  and  Zn. 

2.2.  Particle  size  and  number  distribution 

Diesel  engines  have  gone  through  several  phases  of  develop¬ 
ment  regarding  their  exhaust  emissions.  EPA  imposed  norms  in 
1997  on  mass  of  total  particulate  matter  (TPM)  forced  engine  man¬ 
ufacturers  to  again  go  through  series  of  changes  in  fuel  injection 
systems  and  compression  ratios.  These  changes  certainly  low¬ 
ered  down  the  TPM  mass  or  number  of  bigger  particles  caused  by 
unburnt  or  partially  burnt  fuel.  But  further  research  has  shown  that 
it  is  not  the  mass  which  was  most  threatening  but  the  number  of 
particles.  Numberwise,  more  than  90%  of  the  TPM  are  fine  particles 
range  from  5  to  50  nm,  whereas  these  particles  represent  less  than 
10%  mass  of  the  TPM.  These  fine  particles  can  be  inhaled  and  even¬ 
tually  trapped  in  bronchial  passages  and  alveoli  of  lungs.  Hence, 
reduction  in  mass  of  TPM  never  ensures  reducing  the  number  of 
fine  particles.  On  the  other  hand,  there  is  always  a  possibility  of 
increased  number  of  such  particles  which  has  been  reported  in 
some  studies  by  use  of  very  high  pressure  injection  systems  that 
are  being  fitted  in  every  diesel  vehicle  now-a-days. 

If  one  is  solely  interested  in  mass  concentration,  then  accura¬ 
cies  in  measuring  the  nucleation  mode  will  not  appreciably  alter 
the  result.  On  the  other  hand,  if  one  just  wishes  to  investigate  the 
number  concentration,  then  inaccuracies  in  measuring  the  accu¬ 
mulation  mode  would  be  of  lesser  value.  Diffusion  governs  particle 
transport  particularly  strongly  in  the  nucleation  mode  and  hence 
potentially  affects  the  number  distribution;  whereas  inertial  depo¬ 
sition  has  greater  implications  for  the  accumulation  mode  [15]. 

Nucleation  mode  particles  are  more  vulnerable  to  measurement 
falsification  than  accumulation  mode  particles.  Sole  reason  for  such 
falsified  results  can  be  laid  on  the  volatile  component  and  highly 
non-linear  nature  of  nucleation.  Nucleation  mode  particles  are  cre¬ 
ated  or  destroyed  according  to  how  the  exhaust  is  diluted,  whereas 
accumulation  mode  particles  consist  of  a  solid  carbonaceous  core 
and  are  only  affected  by  saturation  and  peak  temperatures. 

It  is  possible  to  lay  down  a  clear  principle  when  attempting 
to  control  the  particulate  emissions  from  a  motor  vehicle.  The 
dominant  factor  here  is  the  proportion  of  volatile  (sulfates  and 
organics)  to  non-volatile  (carbonaceous  and  ash)  particulate.  If  lat¬ 
ter  is  strongly  present,  it  will  scavenge  the  volatile  material;  this 
will  keep  down  the  saturation  and  hence  nucleation  will  be  sup¬ 
pressed.  On  the  other  hand,  if  volatile  material  will  be  in  excess, 
then  insufficient  solid  area  for  adsorption  and  condensation  will 
promote  nucleation.  For  example,  high  engine  load  favors  carbona¬ 
ceous  particulate  formation  and  low  engine  load  favors  organic 
particulate  formation. 

2.3.  Health  effects  of  diesel  particulates 

Diesel  particulates  have  a  very  large  surface  area,  which  makes 
them  an  excellent  carrier  for  adsorbed  inorganic  and  organic  com¬ 
pounds.  Ultra  fine  particles  emitted  from  diesel  engines  are  very 
high  in  number,  invariably  more  than  millions  of  particles  per  cubic 
centimeter,  but  they  contribute  little  to  the  total  particulate  mass. 
The  highest  deposition  efficiency  in  the  alveolar  region  of  the  lungs 
is  shown  by  particles  having  a  diameter  of  ~20  nm.  Ultra  fine  par¬ 
ticles  can  not  only  penetrate  the  epithelium  but  also  enter  into 
the  blood  stream.  In  fact,  these  particles  have  been  detected  in  the 
interstitium  of  the  lung  as  well  as  in  the  blood  streams  shortly  after 
the  exposure  [41]. 

Exposure  to  the  diesel  exhaust  may  cause  acute  and  chronic 
non-cancer  respiratory  effects  and  has  the  potential  to  cause  lung 
cancer  in  humans.  As  diagnostic  tests  are  unable  to  prove  causal¬ 
ity,  epidemiologic  studies  are  utilized  for  decoding  the  relationship 
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between  natural  variability  in  exposure  and  variability  in  rates  of 
illness  [42].  The  diesel  engine  exhaust  and  related  toxicity  has  been 
evaluated  in  numerous  acute  and  chronic  studies.  Laboratory  ani¬ 
mals  especially  mice  and  canines  are  considered  as  good  models  for 
humans  with  regard  to  their  responses  to  DPM  [43,44].  Depend¬ 
ing  upon  rural  or  urban  location,  the  annual  mean  exposure  to 
diesel  exhaust  is  estimated  to  be  about  1  to  4  p,g/m3  of  inhaled 
air  [45].  There  are  numerous  studies  that  have  shown  that  diesel 
exhaust  exposure  can  cause  acute  eye  and  bronchial  irritation,  nau¬ 
sea,  lightheadedness,  phlegm  and  cough.  More  than  a  dozen  chronic 
studies  involving  laboratory  rats,  mice,  hamsters,  guinea  pigs,  cats 
and  monkeys  have  studied  the  respiratory  and  systemic  effects  due 
to  exposure  to  DPM  [44,46].  Acute  exposures  to  high  concentra¬ 
tions  of  fresh  diesel  exhaust  can  cause  respiratory  inflammation 
and  symptoms.  Nasal  deposition  of  large  doses  of  diesel  exhaust 
amplifies  immunological  response  to  antigens.  Lifetime  exposures 
of  rodents  to  high  concentrations  cause  chronic  inflammation  and 
fibrosis.  The  semi  volatile  and  soot-borne  organic  material  is  muta¬ 
genic;  soot  extract  is  carcinogenic  to  mouse  skin,  and  inhalation 
exposures  of  rats  to  high  concentrations  cause  lung  tumors. 

Several  recent  laboratory  studies  with  rats  have  indicated  that 
the  SOF  portion  of  DPM  is  an  important  precursor  for  tumor  for¬ 
mation  [47-50].  The  associated  SOF,  particularly  the  PAH  and  the 
nitro-PAH  could  have  a  significant  contribution  to  the  overall  car¬ 
cinogenic  effect.  Exposure  to  diesel  exhaust  in  presence  of  other 
air  pollutants  can  be  even  more  harmful  (for  example,  increased 
susceptibility  to  certain  allergies,  increased  toxicity  of  diesel  partic¬ 
ulates  in  the  presence  of  ozone  and  NO*).  There  is  no  diesel  exhaust 
specific  information  that  provides  direct  insight  to  the  question  of 
variable  susceptibility  within  the  general  human  population  and 
vulnerable  subgroups,  including  children  and  elderly  and  subjects 
with  pre-existing  respiratory  illness.  However,  further  research  is 
needed  to  improve  the  knowledge  and  database  on  exposure  to 
diesel  exhaust  and  potential  human  health  effects,  and  thereby 
reducing  uncertainties  of  future  risk  assessments.  Researchers  have 
carried  out  tests  using  animal  models  to  determine  the  mechanisms 
associated  with  pulmonary  cancer  caused  by  diesel  exhaust  parti¬ 
cles  [51].  One  such  study  indicated  that  the  deposition  of  metals 
(like  iron)  on  the  lower  airway  would  generate  hydroxyl  radicals 
which  would  trigger  the  production  of  free  radicals  and  finally 
cause  both  acute  and  chronic  lung  injuries  [52]. 

The  chemical  form  and  oxidation  state  of  metals  affect  their  toxi¬ 
city.  Advanced  techniques  are  desired  for  speciation  of  toxic  metals. 
Few  recent  findings  have  indicated  that  these  metals  activate  epi¬ 
dermal  growth  factor  receptor  (EGFR)  and  lead  to  increase  in  the 
levels  of  guanosine  triphosphate-bound  Ras  in  human  lung  cells 
[53].  Iron,  along  with  other  transition  metals  such  as  Cu  and  Zn 
have  well-documented  ability  to  generate  free  radicals  via  Fenton 
chemistry.  Transition  metals  and  iron  in  particular,  can  be  present 
in  high  levels  in  DPM  [54].  The  transition  metals  must  undergo 
redox-cycle  to  be  capable  of  generating  hydroxyl  radicals,  which 
cause  the  major  injury  to  macromolecules  and  this  is  accomplished 
via  reductants  commonly  found  in  the  lungs  e.g.  superoxide  anion 
glutathione,  ascorbate  [55].  Transition  metals  are  responsible  for 
activating  pro-inflammatory  transcription  factors  such  as  NF-kB  in 
epithelial  cells  hence  directly  linking  transition  metal  content  to 
inflammation  [56]. 

Several  studies  have  shown  that  lifetime  exposures  to  very  high 
concentrations  of  diesel  particulates  result  in  the  development  of 
lung  tumors  among  the  animals.  Overload  of  diesel  particulates 
and  consequent  persistent  inflammation  and  cell  proliferation  is 
suggested  as  plausible  mechanism  by  which  tumors  develop,  indi¬ 
cating  a  nonlinear  mode  of  action  for  lung  cancer  in  the  rat  [43,46]. 
The  response  for  some  of  these  studies  has  been  recorded  at  rel¬ 
atively  high  exposures  to  diesel  exhaust  (>3500  |jig/m3  of  diesel 
particulates). 


Diesel  particulate  undergoes  numerous  atmospheric  reactions, 
including  photolysis,  nitration,  and  oxidation.  The  atmospheric 
chemistry  of  organic  compounds  associated  with  diesel  particu¬ 
late  is  fairly  complex.  Researchers  [57]  have  studied  the  effect 
of  ageing  and  solar  radiation  on  diesel  exhaust  by  simulating 
such  artificial  environments  within  chamber.  Recently,  it  has 
been  reported  that  treatment  of  diesel  exhaust  particulates  with 
ozone  increased  the  inflammatory  potential  in  rat  lungs  [58]. 
There  is  also  some  evidence  for  possible  immunologic  effects  and 
exacerbation  of  allergenic  response  to  known  allergens.  Recent 
experimental  studies  highlight  the  role  of  diesel  particulates  in 
enhancing  inflammatory  and  allergic  responses  in  the  respira¬ 
tory  system  [59-63].  It  has  been  observed  with  animal  studies 
that  gaseous  co-pollutants  like  ozone,  NO*  and  S02  significantly 
enhance  the  pulmonary  inflammatory  potential  of  ultra  fine  car¬ 
bonaceous  particles.  The  role  of  surface  chemistry  has  been 
emphasized  in  the  overall  toxicity  due  to  ultra  fine  particles. 
Aged  and  experimentally  sensitized  rats  have  shown  higher  sen¬ 
sitivity  to  higher  dosage  of  ultra  fine  carbonaceous  particles.  The 
ultra  fine  particles  in  these  cases  were  not  effectively  phagocy- 
tized  by  the  alveolar  macrophages  upon  their  deposition  in  the 
deeper  parts  of  the  lungs  [41,64].  Furthermore,  translocation  of 
ultra  fine  particles  to  the  liver  and  even  to  neurons  has  been 
documented  [65]. 

Studies  on  the  health  effects  of  diesel  exhaust  have  until  recently 
focused  primarily  on  cancer  outcomes  [66].  However,  in  recent 
years,  attention  has  begun  to  focus  on  understanding  the  non¬ 
cancer  respiratory  effects  of  diesel  exhaust  and  their  possible  role  in 
the  acute  or  chronic  health  effects  of  airborne  PM.  There  is  emerg¬ 
ing  experimental  evidence  of  irritants  and/or  immunologic  effects 
of  diesel  exhaust  on  the  respiratory  system.  In  addition,  recent 
epidemiological  studies  have  demonstrated  association  between 
residential  proximity  to  traffic  sources  and  adverse  respiratory  out¬ 
comes,  including  asthma  hospitalization  among  children,  increased 
respiratory  symptoms,  and  diminished  lung  function  [41,67,68]. 
Exposure  assessment  in  these  studies  has  included  self-reported 
traffic  volumes  on  residential  streets  (e.g.,  high,  medium,  or  low), 
quantitative  data  on  traffic  volumes  collected  by  local  agencies,  and, 
occasionally,  air  monitoring  data  at  selected  locations.  Because  of 
the  limitations  of  the  exposure  data,  it  is  not  always  possible  to 
uniquely  implicate  diesel  exhaust  as  distinct  from  other  forms  of 
motor  vehicle  exhaust  in  the  observed  respiratory  health  effects. 
These  findings  show  novel  mechanisms  of  action  by  metals  and  may 
provide  insight  relevant  to  the  health  effects  of  diesel  particulate 
exposure. 

2.4.  Biodiesel:  An  oxygenated  fuel 

Alternative  diesel  fuels  or  oxygenates  are  simple  organic  com¬ 
pounds,  the  functional  groups  of  which  contain  oxygen  in  some 
form  for  example  alcohol  (R-OH),  esters  (RCOO).  One  of  the  impor¬ 
tant  oxygenated  fuel  is  biodiesel;  which  contains  esters  derived 
from  the  process  of  transesterification  [69]  (Fig.  2)  of  vegetable  oils 
e.g.  Cotton  seed,  Rapeseed,  Soybean,  Peanut,  Karanja  and  Jatropha 
etc. 

Oxygenates  are  burned  neat  or  more  typically  as  oxygenate- 
diesel  blends  and  their  particulate  suppressing  properties  are  well 
documented.  Oxygenated  additives  are  known  to  reduce  soot 
formation  in  diesel  engines  [70].  Before  choosing  any  particular 
oxygenate  as  a  renewable  fuel  for  technical  feasibility,  a  wide  range 
of  criteria  other  than  reliable  clean  burning  combustion  must  be 
checked.  Examples  of  that  criteria  can  be  ignitability,  long  term  sta¬ 
bility,  corrosivity,  polymerization  compatibility,  toxicity,  lubricity 
[71],  solubility  in  diesel  [72],  viscosity,  volatility  [73]  and  degrad¬ 
ability.  There  is  also  susceptibility  to  injector  nozzle  coking  [74], 
especially  in  case  of  straight  vegetable  oils  utilization. 
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Fig.  2.  Process  of  transesterification  for  conversion  of  vegetable  oils  into  biodiesel. 


In  their  particulate  suppressing  action,  oxygenates  are  as 
potent  as  organo-metallic  fuel  additives,  but  with  two  important 
differences:  (i)  there  is  no  incombustible  ash,  and  (ii)  blends  are 
at  percentage  rather  than  ppm  levels.  Because  of  this  second  dif¬ 
ference,  oxygenates  are  more  aptly  designated  as  fuel  components 
rather  than  fuel  additives.  One  can  expect  some  modifications  in 
energy  release  rates  also,  due  to  calorific  value  differences.  If  bulk 
fuel  properties  such  as  density  and  viscosity  are  altered,  then  cer¬ 
tain  effects  might  be  observed  not  in  the  combustion,  but  in  the 
geometry  of  fuel  spray,  the  atomization  of  the  fuel  or  even  in  the 
flow  characteristics  of  fuel  within  the  injector  nozzle.  Certain  fuels 
like  B100  would  be  called  as  an  alternate  fuel  but  they  are  used 
in  practice  only  to  a  limited  extent  because  of  the  uneconomi¬ 
cal  prices  however  there  is  a  logic  in  carrying  out  experiments 
on  B100.  Since  the  engine  behaves  very  well  with  B100  and  BO 
(mineral  diesel),  it  is  expected  that  the  engine  will  behave  nor¬ 
mally  to  any  blend  of  biodiesel  and  diesel.  Using  B100,  accelerated 
tests  can  be  performed.  Moreover,  biodiesel  and  diesel  have  almost 
same  physical  fuel  properties  but  they  are  not  the  same  fuel.  The 
particulate  fraction  targeted  with  oxygenates  is  soot.  The  absence 
of  incombustible  ash  in  oxygenates  makes  them  a  no-participant 
responsible  for  metal  emissions.  Since  oxygenates  denote  purely 
organic  compounds,  it  leads  to  no  contribution  towards  ash  frac¬ 
tion  and  also  their  sulfur  levels  are  low  or  negligible,  which  results 
in  no  contribution  to  the  sulphate  fraction.  These  are  some  wel¬ 
come  facts  which  make  oxygenates  a  desired  partial  replacement 
for  mineral  diesel. 

A  recent  study  examined  factors  impacting  the  stability  of 
Biodiesel  (B100)  samples  collected  as  part  of  a  2004  nationwide 
fuel  quality  survey  in  the  United  States.  The  survey  included  sam¬ 
ples  produced  from  soya,  waste  oils,  and  tallow.  Test  for  insoluble 
fraction  formation  and  the  oxidation  stability  method  (via  Rancimat 
apparatus)  for  induction  time  were  carried  out.  Additionally,  the 
samples  were  characterized  for  fatty  acid  make  up,  relative  antiox¬ 
idant  content,  metal,  and  total  glycerin  content  (free  glycerin  plus 
glycerin  bound  as  mono-,  di-,  and  triglycerides).  In  the  oxidation 
stability  test,  the  sample  was  exposed  to  air  at  1 1 0  °C.  The  stream  of 
air  carried  volatile  carboxylic  acids  (primarily  formic  acid)  formed 
in  the  oxidation  reaction  into  an  absorber  that  contains  deminer¬ 
alized  water  [75].  The  amount  of  acid  was  quantified  by  measuring 
the  increase  in  conductivity  of  the  water  over  time.  For  the  sam¬ 
ples  examined,  the  polyunsaturated  content  (or  oxidizability)  had 
the  largest  impact  on  both  increasing  insoluble  fraction  formation 
and  reducing  induction  time  (which  was  the  time  from  the  begin¬ 
ning  of  the  air  purge  until  a  sharp  increase  in  the  conductivity  was 
observed)  [76]. 

Variable  effects  are  observed  on  the  organic  fraction  e.g.  the  par¬ 
ticulate  mass  is  lower  but  the  carbonaceous  organic  ratio  remains 
unchanged,  suggesting  that  both  the  fractions  are  proportionally 
decreased  [77];  or  there  is  no  consistent  trend  [78].  More  com¬ 
monly  filter  deposits  are  ‘wetter’  and  lighter  in  colors  [79];  both 
observation  suggests  greater  organic  fraction  [80]  i.e.  preferen¬ 
tial  reduction  in  soot  [81]  or  perhaps  of  greater  gas  to  particle 
conversion  among  organic  compounds  than  with  diesel.  Filter 
deposits  may  also  become  lighter  simply  because  the  reduction  in 
carbonaceous  particulate  allows  lubricant  derived  organic  partic¬ 
ulate  to  become  more  prominent  by  proportion  [81]  or  increase 
in  organic  particulate  out-weights  the  decrease  in  carbonaceous 


particulate  [82].  Smoke  readings  responding  to  blackness  register 
only  decrease  in  carbonaceous  particulates  [83].  This  improvement 
is  largely  cosmetic  if  organic  compounds  are  emitted  in  greater 
quantities,  which  is  a  note  of  caution  before  biodiesel  go  on  a 
full  scale  production.  Contrary  trends  between  hydrocarbon  and 
organic  particulates  [84]  suggest  subtle  differences  in  gas  to  par¬ 
ticle  conversion  and  in  volatilities  between  oxygenates  and  diesel 
fuel  e.g.  with  biodiesel,  the  organic  fraction  has  a  larger  contin¬ 
gent  of  high  molecular  weight  compounds  than  with  diesel  [85]. 
Exhaust  gas  analysers  are  designed  to  analyze  conventional  diesel 
fuel  hence  factious  conclusions  may  arise  through  blind  adherence 
to  the  same  protocols  with  oxygenated  fuels. 

A  study  conducted  on  eight  oxygenates  showed  that  ether 
demonstrated  greatest  particulate  reduction  potential  [86]. 
Another  study  on  fourteen  oxygenates  showed  alcohol  as  having 
greatest  particulate  reduction  potential  [77].  Some  studies  showed 
a  inversely  proportional  relationship  between  the  mass  of  soot  in 
the  particulate  and  the  mass  of  oxygen  in  the  fuel  [86].  Compari¬ 
son  of  fuels  by  their  oxygen  content,  rather  than  oxygenate  content 
seems  more  appropriate  though  it  will  be  a  bit  more  complicated 
than  just  volumetric  ratios.  Fuels  containing  ~30-40%  oxygen  have 
been  reported  to  produce  very  good  results  [87].  This  proportion¬ 
ality  supplies  the  most  obvious  clue  as  to  how  oxygenates  reduce 
soot.  The  soot  suppression  seems  not  to  arise  simply  through 
displacing  diesel  fuel;  and  it  might  equally  proceed  through  dis¬ 
couraging  soot  formation  or  encouraging  soot  oxidation  as  both 
routes  accomplish  the  same  aim.  Another  argument  can  be  about 
the  combustion  process  itself  particularly  because  fuel  rich  regions 
are  having  additional  oxygen  from  fuel  therefore  oxidation  reac¬ 
tions  take  place  in  preference  to  pyrolytic  reactions  [88].  Effectively, 
this  means  that  the  combustible  mixture  is  supplied  with  additional 
oxygen  (via  the  fuel),  contrary  to  external  oxygen  (via  the  air)  which 
has  no  part  in  excess  oxygen.  In  fact,  the  same  justification  is  used 
for  supplying  ethanol-gasoline  blends  as  high  speed  fuels  to  pro¬ 
vide  the  combustible  mixture  with  more  fuel  borne  oxygen  and 
thereby  to  restrict  emissions  of  CO. 

3.  Experimental  setup 

3.1.  Engine  setup 

For  the  comparative  study  of  biodiesel  and  mineral  diesel,  a 
direct  injection,  medium  duty  transportation  engine  (Mahindra, 
India,  MD1-3000)  was  used.  Detailed  specifications  of  this  engine 
are  given  in  Table  1.  The  engine  was  coupled  with  an  eddy- 
current  dynamometer  (Schenck  Avery  India,  ASE70).  The  eddy 
current  dynamometer  was  equipped  with  a  suitable  dynamometer 


Table  1 

Mahindra  DI  engine  specifications. 


Manufacturer 

Mahindra  &  Mahindra  Ltd.,  India 

Model 

MDI3000A 

No.  of  cylinders 

Four,  in-line 

Combustion  system 

Direct  injection 

Bore/Stroke  (mm) 

88.9/101.6 

Engine  displacement  (cc) 

2520 

Compression  ratio 

18:1 

Rated  load 

1 44  N  m  at  1 800  rpm 

Rated  power 

40  hp  at  2300  rpm 
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TDC  sensor 


Fig.  3.  Schematic  diagram  of  Mahindra  DI  engine  experimental  set-up. 


Table  2 

Dynamometer  and  controller  specifications. 

Shenck-Avery  Ltd.,  India 
ASE-70 
Eddy  current 
328  Nm 
527  Nm 

0.25%  full  scale  torque  1.31  N  m 
Digital  torque  indicator 
Digital  rpm  indicator 
6  channel  temperature  indicator 
Approx  500  kg 
Up  to  45  °C 
6000 


operates  at  ambient  pressure  to  prevent  evaporation  of  volatile 
and  semi-volatile  species,  and  it  does  not  require  any  consumables. 
The  instrument  (Fig.  4)  used  in  the  lab  has  a  unique  rotating  disk 
method  to  dilute  the  sample  for  measurement.  Each  unit  is  sup¬ 
plied  with  two  disks:  one  with  eight  cavities  and  the  other  with  ten 
cavities.  This  allows  one  to  select  a  dilution  ratio  ranging  from  15:1 
to  3000:1. 

Earlier  methods  of  sub-micrometer  sizing  required  stable 
aerosol  and,  therefore,  do  not  meet  the  requirements  of  engine 
test  benches  and  chassis  dynamometers  where  dynamic  changes 
in  both  particle  number  and  size  distribution  takes  place  as  the 
engine  undergoes  different  steps  of  test  cycles.  The  EEPS  uses  a 
unique  charging  system  and  multiple  electrometers  to  get  signals 


Manufacturer 

Model 

Operating  principle 
Maximum  Torque 
Full  scale  torque 

Maximum  allowable  error  in  measurement 
Display  units 

Weight 

Operating  temperature 
Maximum  rpm 


controller,  which  was  capable  of  absorbing  maximum  power  and 
torque  generated  by  the  engine  at  every  load  and  speed  combina¬ 
tion  in  a  very  short  time.  Dynamometer  specifications  are  given  in 
Table  2. 

The  schematic  diagram  of  the  experimental  setup  is  shown  in 
Fig.  3.  The  engine  is  installed  with  an  eddy  current  dynamometer 
and  a  dynamometer  controller.  The  engine  cylinder  head  is  installed 
with  a  peizo-electric  pressure  transducer  and  a  charge  amplifier.  A 
precision  shaft  encoder  and  a  TDC  sensor  are  also  installed  in  the 
engine  shaft.  All  these  signals  are  acquired  by  high  speed  data  acqui¬ 
sition  system,  where  they  are  processed  to  yield  pressure-crank 
angle  history.  The  exhaust  gas  from  the  engine  passes  through  an 
exhaust  line.  Part  of  the  exhaust  is  drawn  into  the  partial  flow  dilu¬ 
tion  tunnel,  where  particulate  sampling  is  done  for  metal  analysis, 
BSOF  estimation  and  particulate  morphology.  Another  part  of  the 
exhaust  with  the  aid  of  a  pump  is  diluted  in  a  thermo-diluter.  This 
stream  then  passes  through  EEPS  where  particulate  size  and  num¬ 
ber  density  is  measured.  Smoke  opacimeter  and  raw  exhaust  gas 
emission  analyzer  are  used  for  measurement  of  exhaust  opacity 
and  exhaust  gas  composition  repectively. 

3.2.  Particulate  measurement  system 

The  Engine  Exhaust  Particle  Sizer  (EEPS™)  measures  the  size 
distribution  of  engine-exhaust  particulate  emissions  in  the  range 
from  5.6  to  560  nm  with  the  fastest  time  resolution  available. 

The  EEPS  spectrometer  displays  measurements  in  32  channels 
total  ( 1 6  channels  per  decade).  It  operates  over  a  wide  particle  con¬ 
centration  range,  from  108  particles/cm3  to  200 particles/cm3.  It 
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Fig.  4.  Schematic  diagram  of  EEPS  (Make:  TSI  Inc.,  USA). 
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Table  3 

Specifications  of  engine  exhaust  particle  sizer  (model  3090). 


Table  4 

Variable  load  matrix  for  Mahindra  DI  engine. 


Particle  size  range 
Particle  size  resolution 
Electrometer  channels 
Charger  mode  of  operation 
Inlet  cyclone  50%  cut  point 
Time  resolution 
Aerosol 
Sheath  air 

Inlet  aerosol  temperature 

Operating  temperature 

Storage  temperature 

Atmospheric  pressure  correction  range 

Humidity 

Data  averaging 

Dimensions  (LWH) 

Front  panel  display 
Weight 

Power  requirements 


5.6-560  nm 

16  channels  per  decade  (32  total) 
22 

Unipolar  diffusion  charger 
1  |xm 

10  size  distributions  per  second 

lOL/min 

40  L/min 

10-52 °C 

0-40 °C 

-20-50 °C 

700-1034  mbar 

0-95%  RH  (non-condensing) 

0.2-60  s 

70.4  cm  x  34.3  cm  x  43.9  cm 
6.4-inch  color  VGA  LCD 
32  kg 

1 00-240  VAC,  50/60  Hz,  250  W 


Speed  (rpm) 

Load  (%  of  max  load) 

1800 

0% 

1800 

20% 

1800 

40% 

1800 

60% 

1800 

80% 

1800 

100% 

Table  5 

Variable  speed  matrix  for  Mahindra  DI  engine. 


Load  (%  of  max  load) 

Speed  (rpm) 

50% 

1400 

50% 

1700 

50% 

2000 

50% 

2200 

50% 

2400 

from  all  particle  sizes  simultaneously.  The  electrometer  current 
data  is  processed  in  real  time  with  a  high-performance  Digital  Sig¬ 
nal  Processing  (DSP)  chip  inside  the  instrument.  This  corrects  for 
multiple  charges  and  the  time  delay  between  electrometers.  The 
data  is  then  processed  further  to  give  results  in  32  equally  spaced 
(log-scale)  size  channels.  This  data  is  displayed  on  the  instrument 
and  sent  to  a  computer  for  long-term  storage  and  display. 

The  EEPS  Model  3090  uses  a  corona  charger  to  put  a  predictable 
charge  level  on  the  particles.  The  charged  particles  are  introduced 
near  the  center  of  a  column.  An  electric  field  inside  the  column 
repels  the  particles  outward,  where  they  are  measured  using  an 
array  of  precision  electrometers  connected  to  electrodes  on  the 
outside  wall  of  the  column.  This  “Inside-out  Differential  Mobility 
Analyzer”  arrangement  allows  for  concentration  measurements  of 
multiple  particle  sizes  simultaneously.  The  detailed  specifications 
of  the  equipment  are  given  in  Table  3. 

3.3.  Elemental  analysis 

Inductively  coupled  plasma  optical  emission  spectrometry  (ICP- 
OES),  is  an  analytical  technique  used  for  the  detection  of  trace 
metals.  It  is  a  type  of  emission  spectroscopy  that  uses  inductively 
coupled  plasma  to  produce  excited  atoms  and  ions  that  emit  elec¬ 
tromagnetic  radiation  at  wavelengths  characteristic  to  a  particular 
element.  The  intensity  of  this  emission  is  indicative  of  the  concen¬ 
tration  of  the  element  within  the  sample. 

Argon  gas  is  used  to  create  the  plasma.  A  peristaltic  pump 
delivers  an  aqueous  or  organic  sample  into  a  nebulizer  where  it 
is  atomized  and  introduced  directly  inside  the  plasma  flame.  The 
sample  immediately  collides  with  the  electrons  and  other  charged 
ions  in  the  plasma  and  is  broken  down  into  charged  ions.  Vari¬ 
ous  molecules  break  up  into  their  respective  atoms  which  then 
lose  electrons  and  recombine  repeatedly  in  the  plasma,  giving  off 
the  characteristic  wavelengths  of  the  elements  involved  which  are 
compared  with  those  emitted  by  pure  standards  to  derive  elemen¬ 
tal  concentrations  in  the  given  sample. 

3.4.  Experimental  test  matrix 

Tests  were  performed  for  the  comparison  between  biodiesel  and 
mineral  diesel.  These  were  for: 

1.  Benzene  soluble  organic  fraction  (BSOF) 

2.  Elemental  and  organic  carbon  (EC/OC) 

3.  Metal  traces 

4.  Engine  exhaust  particulate  morphology  (SEM  imaging) 

5.  Number  and  size  distribution  of  engine  exhaust  particles  (EEPS) 


Sampling  procedure  for  comparative  study  of  biodiesel  and  min¬ 
eral  diesel  comprise  of  operating  the  engine  at  different  speeds 
and  loads.  Engine  was  operated  on  some  specific  operating  points, 
which  have  been  shown  in  Tables  4  and  5.  Variable  speed  test 
was  done  up  to  2400  rpm  only  because  the  number  of  particles  in 
exhaust  reached  the  upper  limit  of  the  engine  exhaust  particle  sizer 
(EEPS).  Table  6  shows  the  sampling  duration  and  choice  of  filers  for 
sample  collection  for  various  analyses  such  as  trace  metals,  BSOF 
and  particulate  morphology  using  scanning  electron  microscopy. 

3.5.  Sampling  and  analysis  details 

3.5.1.  Filter  papers 

Particulates  emitted  from  engine  tail  pipe  after  dilution  through 
partial  dilution  tunnel  was  collected  through  Tissue-Quartz  filter 
(QF/A,  47  mm,  Whatman),  as  specified  in  NIOSH  method  5040  for 
elemental  carbon  (diesel  particulates).  Filters  were  kept  in  desic¬ 
cators  for  12  h  before  and  after  sample  collection,  which  ensured 
precise  measurements  of  mass  of  particulates. 

3.5.2.  Quality  control  and  calibration  of  instruments 
Commercially  available  multi-element  standard  (Merck)  solu¬ 
tions  were  used  for  all  metals  except  Na.  For  Na,  standard  solution 
was  prepared  in  the  laboratory.  Working  standard  solutions  of 
three  different  concentrations  were  prepared  by  diluting  standard 
solutions  either  procured  from  manufacturer  with  Milli-Q  water 
or  by  diluting  the  standard  solution  made  in  the  laboratory.  These 
standards  were  stored  at  30  °C  in  inert  bottles.  The  calibration  was 
done  by  using  the  blank  solution  to  reset  the  instruments.  The  stan¬ 
dards  were  then  analyzed  with  the  lowest  concentration  first  and 
then  moving  on  to  higher  concentrations.  In  order  to  ensure  the 
consistency  and  also  to  check  the  maximum  possible  extraction 
of  heavy  metals  from  the  samples,  the  following  procedure  was 
adopted. 

1 .  All  the  glassware  and  filter  assembly  was  subjected  to  acid  wash 
and  dried  to  avoid  any  contamination  from  previous  samples. 

2.  Blank  samples  were  analyzed  to  check  the  possible  contamina¬ 
tion  and  interference  from  various  reagents  and  glassware  used 


Table  6 

Sampling  duration  and  choice  of  filters  for  various  tests. 


S.  No 

For  analyzing 

Type  of  filter 

Duration  of  sampling 
(min) 

1 

Trace  metals 

AQ.F/A  (047)  Tissue-quartz 

5-7 

2 

BSOF 

AQ.F/A  (047)  Tissue-quartz 

30-35 

3 

SEM 

GF/A  (047)  Glass  fiber 

30 
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in  the  analysis.  It  was  found  that  the  concentration  of  various 

metals  in  the  blanks  were  very  low. 

3.  Glass  vessels  were  thoroughly  cleaned  with  4%  concentrated 

HN03  and  Milli-Q  water. 

3.5.3.  Test  procedure  for  heavy  metals  and  BSOF  estimation 

Initially,  filter  papers  were  desiccated  for  12  h  in  anhydrous 

silica  gel  desiccator  and  then  weighed.  For  collecting  a  sample, 
one  filter  paper  was  placed  in  filter  holder  assembly,  which  was 
installed  in  the  partial  flow  dilution  tunnel.  After  running  the  engine 
at  desired  load  and  speed  and  collecting  the  particulates  through 
partial  flow  dilution  tunnel  for  a  predetermined  period  of  time,  the 
filter  papers  were  removed  carefully  from  the  filter  assembly  and 
again  kept  in  desiccator.  These  filter  papers  were  then  analyzed  for 
characterization  of  metals  and  BSOF  in  particulates. 

3.5.4.  Extraction  of  samples  for  heavy  metal  analysis  in 
particulates 

In  the  present  study,  sample  extraction  was  carried  out  using  hot 
plate  digestion  method  [89].  This  digestion  procedure  is  used  for 
preparing  samples,  which  are  to  be  analyzed  by  ICP-OES  (Thermo, 
USA;  6300  duo  ICAP).  One  half  of  the  particulate  laden  filter  was  cut 
into  small  pieces  using  plastic  scissor  and  then  put  into  an  inert  bot¬ 
tle,  in  which  15  ml  of  concentrated  HNO3  (Suprapure,  Merck)  was 
added.  The  remaining  half  of  the  filter  paper  was  taken  in  similar 
way  into  another  bottle.  Temperature  of  each  sample  was  raised 
to  175°C  in  less  than  5.5  min  and  maintained  at  175°C  for  more 
than  4.5  min.  After  digestion,  the  acid  from  the  two  vessels  was 
combined  and  filtered  through  0.22  p>m  Millipore  filter  paper.  The 
filtrate  was  measured  and  diluted  three  times  with  Milli-Q.  water 
and  then  stored  in  inert  bottles.  Reference  was  taken  as  analytical 
blank  filter  paper  and  30  ml  of  cone.  HN03  (Suprapure,  Merck),  1 0% 
of  blanks  from  the  same  lot  of  filter  papers  are  used  to  get  a  best 
representative  average  blank  concentration.  By  the  above  described 
method,  concentrations  of  Ca,  Cu,  Cr,  Mg,  Fe,  Na,  Ni,  Pb,  and  Zn  were 
determined. 

3.5.5.  Estimation  of  benzene  soluble  organic  fraction  (BSOF)  in 
particulates 

ASTM  test  method  D  4600-87,  ASTM  2001  was  used  for  esti¬ 
mation  of  BSOF  in  particulates  [90].  Before  sampling  filters  were 
desiccated  for  about  1 2  h.  After  sample  collection,  particulate  laden 
filters  were  kept  for  desiccation  for  another  12  h  and  their  final 
weight  was  noted.  Filters  were  cut  into  small  pieces  using  metal 
scissor  and  inserted  into  a  reagent  beaker;  thereafter  20  ml  of  ben¬ 
zene  was  added  to  it.  This  reagent  bottle  was  kept  in  ultrasonic  bath 
for  20  min  thereafter  sample  was  decanted  and  filtered  through 
0.45  p>m  Millipore  filter  paper.  The  filtrate  was  collected  in  a  100  ml 
beaker.  The  procedure  was  repeated  with  another  10  ml  of  ben¬ 
zene  in  the  same  reagent  beaker.  This  100  ml  beaker  was  covered 
with  aluminum  foil  having  holes  and  was  kept  in  oven  at  40  °C  for 
12-18  h  until  the  sample  dried.  The  beaker  was  allowed  to  cool 
down  to  room  temperature.  The  initial  and  final  weight  of  the 
beaker  was  measured  to  estimate  the  total  mass  of  benzene  sol¬ 
uble  organic  fraction  in  the  sample.  In  order  to  check  the  reference 
concentration,  blank  filters  were  used  for  BSOF  extraction  as  per 
the  same  ASTM  standard. 

3.5.6.  Estimation  of  metals  in  mineral  diesel ,  biodiesel  and 
lubricating  oil 

The  fuels  used  in  this  study  were  (#2)  diesel  and  biodiesel,  which 
meets  the  ASTM  specifications.  The  sample  preparation  of  min¬ 
eral  diesel,  biodiesel,  and  lubricating  oil  was  carried  out  using  fast 
response  temperature  controlled  furnace.  0.5  g  of  any  fuel  or  lubri¬ 
cating  oil  was  taken  in  an  inert  vessel  to  which  9  ml  concentrated 
HNO3  was  added.  EPA  3052  method  was  used  for  this  digestion 


Table  7 

Concentration  of  various  metals  in  diesel,  biodiesel  and  lubricating  oil  samples. 


Metals 

Diesel  (^g/g) 

Biodiesel  ( jJLg/g) 

Lubricating  oil 

(M'g/g) 

Ca 

902.3 

721.2 

2046.8 

Co 

2.3 

1 

2.6 

Cr 

58.7 

62.9 

76 

Cu 

9 

2.4 

4.3 

Fe 

402.3 

419.8 

827 

Mg 

1162.3 

1996.9 

3618.1 

Ni 

31.8 

1.2 

76 

Pb 

8 

2.8 

8 

Zn 

271 

350 

832.4 

[91] .  Temperature  of  each  sample  was  raised  to  180°C  in  5.5  min 
and  kept  at  180°C  for  another  9.5  min.  After  digestion,  the  acid 
was  measured  and  was  diluted  three  times  with  Milli-Q  water  and 
stored  in  inert  bottles.  This  solution  was  then  filtered  by  0.22  p>m 
filter.  Concentrations  of  Ca,  Cd,  Cr,  Fe,  Mg,  Ni,  Na,  Pb,  Zn,  and  Cu 
were  determined  in  all  above  samples  using  ICP-OES. 

3.5.7.  Estimation  of  elemental  and  organic  carbon 

The  procedure  followed  in  this  study  to  determine  particulate 
carbon  content  is  similar  to  the  method  described  by  Cachier  et  al. 

[92] .  A  DPM-laden  thimble  was  divided  in  two  parts.  The  first 
part  was  fed  into  TOC  (total  organic  carbon)  analyzer  (TOC-5000 
(A)/5050  (A)  Solid  Sample  Module,  Shimadzu  Corporation,  Japan) 
for  analysis  of  total  carbon  (TC).  The  second  part  of  the  thimble  was 
kept  in  oven  at  340  °C  for  100  min  to  get  rid  of  OC  and  then  the 
thimble  is  fed  into  CHN/O/S  elemental  analyzer  (CE  440,  Leeman 
Labs  Inc.,  USA)  to  obtain  the  EC  content.  The  OC  value  was  taken 
as  the  difference  between  TC  and  EC  (assuming  inorganic  carbon 
content  in  sample  is  negligible).  TOC  analyzer  was  calibrated  using 
known  quantity  of  ultra  pure  glucose  and  CHN/O/S  analyzer  was 
calibrated  using  standard  acetanilide  (carbon  71.09%).  The  entire 
analysis  was  repeated  twice  for  every  sample.  In  all  analyses  (met¬ 
als,  BSOF,  OC,  and  EC),  thimble  blanks  were  taken  and  subjected  to 
identical  extraction  and  analysis  procedures  and  blank  corrections 
were  made  for  all  the  samples  [93]. 

3.5.8.  Scanning  electron  microscopy  for  particulate  morphology 

The  samples  of  particulates  were  collected  on  filter  papers 

mounted  on  partial  flow  dilution  tunnel  and  the  sampling  dura¬ 
tion  was  kept  constant  at  30  min  for  all  the  investigations.  The 
soot  collected  was  essentially  non-conducting  in  nature  therefore 
gold  sputtering  was  carried  out  on  all  the  samples.  Thereafter  the 
scanning  electron  microcopy  was  carried  out  for  the  samples.  The 
magnification  for  all  the  micrographs  was  kept  at  lOOOx. 

3.5.9.  Size  and  number  distribution  of  particulates 

The  size  and  number  distribution  of  particulates  in  the  exhaust 
was  measured  using  engine  exhaust  particle  sizer.  The  experiments 
were  carried  out  at  (i)  varying  speed  at  constant  engine  load  and 
(ii)  varying  load  at  constant  engine  speed.  The  experiments  were 
carried  out  for  mineral  diesel,  20%  blend  of  biodiesel  (B20)  and 
biodiesel  (B100). 

4.  Results  and  discussion 

The  results  related  to  mineral  diesel,  lubricating  oil,  and 
biodiesel  metal  composition  are  used  in  this  paper  extensively  and 
are  given  in  Table  7. 

Data  given  in  Table  7  represents  X  p,g  of  any  specified  metal 
present  in  the  1  g  of  the  fuel/oil.  The  blank  tissue  papers  were  ana¬ 
lyzed  for  the  metals  present  in  them  (Table  8)  and  this  data  is  used 
for  blank  filter  paper  correction.  Table  8  presents  the  background 
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Table  8 

Average  metal  presence  in  blank  (tissue-quartz)  filter  samples. 


Metals 

Concentration  (|JLg/g) 

Ca 

793.8 

Cr 

27.7 

Cu 

12.3 

Fe 

103.5 

Mg 

498.1 

Na 

861.0 

Ni 

2.7 

Pb 

12.0 

Zn 

162.7 

levels  of  different  metals  present  in  the  filter  matrix.  It  does  not 
correspond  to  any  particular  fuel  as  such  but  these  background 
levels  are  subtracted  from  the  results  obtained  for  the  respective 
PM  emitted  from  engine  using  different  types  of  fuels  (diesel  and 
biodiesel). 

10%  (Nos.)  analytical  blank  filters  were  used  for  determining 
metal  concentrations  in  blank  filters  using  ICP  spectrophotometer. 
Overall  five  filters  were  analysed  were  blank  correction,  and  Table  8 
represents  average  concentration  of  metal  present  in  these  blank 
filters.  Concentration  was  represented  in  terms  of  weight  of  metal 
present  in  blank  filter  per  gram  of  filter  weight. 

All  the  data  presented  in  this  paper  has  been  corrected  for  the 
average  blank  readings.  Typical  weight  of  a  tissue-quartz  filter  lies 
between  0.14  and  0.15gm,  so  contribution  of  blanks  in  exhaust 
particulate  samples  was  miniscule. 

4.2.  Metals  in  particulates  from  B100,  B20  and  mineral  diesel 
fuelled  engine 

Experimental  study  with  biodiesel  showed  that  there  are  some 
metals,  which  are  found  in  excess  in  diesel  exhaust  whereas  there 
are  some  other  metals  which  are  found  in  excess  in  biodiesel 
exhaust. 

Experimental  study  was  done  to  characterize  the  effect  of  engine 
operating  conditions  (speed  and  load  variation)  on  particulate 
emissions.  The  discussion  would  be  divided  into  two  parts;  metal 
concentration  in  particulate  with  (i)  varying  load  condition  at  con¬ 
stant  speed  and  with  (ii)  varying  speed  conditions  at  constant  load. 

4.2.2.  Metal  concentration  in  particulates  with  variation  of 
engine  load  at  constant  speed 

An  experimental  study  was  carried  out  to  study  the  effects  of 
load  variation  on  concentration  of  metals  in  particulates  coming 
out  in  engine  exhaust,  at  1800  rpm. 

At  low  engine  loads  or  more  specifically  at  no  load,  combus¬ 
tion  temperatures  are  relatively  lower,  which  implies  that  for  low 
combustion  efficiency,  a  large  fraction  of  fuel  injected  into  the  com¬ 
bustion  chamber  goes  out  in  the  form  of  exhaust  without  complete 
burning.  This  is  a  primary  reason  for  high  metal  concentrations  at 
low  load  condition  as  fuel  itself  is  the  principal  source  for  metal 
presence  in  exhaust  particulates. 

Calcium  (Ca):  As  mentioned  in  the  Fig.  5,  Ca  concentration  in 
mineral  diesel  is  higher  than  biodiesel,  which  is  reflected  in  the 
graph  too.  At  higher  engine  loads,  Ca  concentration  in  diesel  super¬ 
sedes  the  concentration  of  B20  or  B100  exhaust  particulates. 

Chromium  (Cr):  Fig.  5  shows  Cr  content  in  particulates  drawn 
from  diesel,  biodiesel  and  B20  exhaust  at  varying  engine  load 
conditions.  B100  exhaust  shows  the  highest  concentration  of 
Cr  at  low  loads  but  as  the  load  increases,  Cr  concentration  in 
diesel  increases  rapidly  and  exceeds  the  Cr  concentration  in  B100. 
Biodiesel  contains  maximum  Cr  as  a  constituent  (Diesel  58.7,  B100 
62.9,  Lubricating  oil  76  |Jig/g)  however  at  higher  engine  load,  high 


Cr  is  observed  in  diesel  exhaust  possibly  due  to  relatively  higher 
wear  of  chrome  plated  piston  rings. 

Copper  (Cu):  Fig.  5  shows  Cu  content  in  particulates  drawn  from 
diesel,  biodiesel  and  B20  exhaust  at  varying  engine  load  conditions. 
It  can  be  seen  from  the  graph  that  Cu  is  below  detection  limits  for 
B100  exhaust,  but  present  in  diesel  and  B20  exhaust  particulate. 

Iron  (Fe):  Fig.  5  shows  Fe  content  in  particulates  drawn  from 
diesel,  biodiesel  and  B20  exhaust  at  varying  engine  load  condi¬ 
tions.  It  can  be  observed  from  the  graph  that  B100  showed  highest 
concentration  of  iron,  and  the  sources  of  iron  in  engine  exhaust  is 
fuel  itself  (Table  7).  Diesel  has  402.3  p,g/g,  biodiesel  has  419.8  p>g/g 
and  lubricating  oil  has  827  p,g/g  iron  in  the  fuel.  Engine  wear  also 
contributes  to  the  iron  concentration  in  the  particulates. 

Magnesium  (Mg):  Fig.  5  shows  Mg  content  in  particulates  drawn 
from  diesel,  biodiesel  and  B20  exhaust  at  varying  engine  load  con¬ 
ditions.  It  is  visible  from  the  graph  that  B100  shows  the  highest 
concentration  of  Mg.  As  load  increases,  Mg  concentration  for  B100 
decreases  very  rapidly  and  becomes  even  lower  than  diesel  and  B20 
particulate. 

Sodium  (Na):  Fig.  5  shows  sodium  content  in  particulates  drawn 
from  diesel,  biodiesel  and  B20  exhaust  at  varying  engine  load  con¬ 
ditions.  Sodium  is  found  in  abundance  in  biodiesel,  diesel  and 
lubricating  oil.  It  can  be  seen  in  the  Fig.  5  that  Na  concentrations 
are  very  high  compared  to  any  other  metal.  Diesel  has  shown  high¬ 
est  concentration  of  Na  ranging  from  45  to  90mg/g.  B100  has 
shown  the  lowest  Na  concentration  among  all  these  ranges  from 
15  to  65  mg/g.  B20  exhaust  particulate’s  sodium  concentration  is  in 
between  them  and  the  same  trend  is  also  observed  in  the  particu¬ 
lates  also. 

Nickel  (Ni):  Fig.  5  shows  nickel  concentration  in  particulates 
drawn  from  diesel,  biodiesel  and  B20  exhaust  at  varying  engine  load 
conditions.  As  it  is  mentioned  in  the  Table  7,  diesel  has  31.8  p>g/g, 
B100  has  1.2p>g/g  and  lubricating  oil  has  76p>g/g  Ni  concentra¬ 
tion.  Ni  concentration  for  mineral  diesel  keeps  on  increasing  with 
increasing  engine  load.  B100  and  B20  both  do  not  show  any  trace 
of  nickel  in  their  exhaust.  Biodiesel’s  self  lubricity  properties  and 
smaller  concentration  of  Ni  in  fuel  seem  a  possible  reason  for  this. 

Lead  (Pb):  Fig.  5  shows  lead  concentration  in  particulates  drawn 
from  diesel,  biodiesel  and  B20  exhaust  at  varying  engine  load 
conditions.  Biodiesel  has  2.8  p,g/g,  mineral  diesel  has  8  p>g/g  and 
lubricating  oil  has  8  p>g/g  lead  as  constituent  (Table  7).  From  the  fig¬ 
ure,  it  can  be  seen  that  diesel  exhaust  particulates  show  the  highest 
lead  concentration  among  all  fuels  and  B100  exhaust  particulates 
show  the  lowest  Pb  concentration. 

Since  biodiesel  and  lubricating  oil  both  do  not  have  significant 
lead  hence  lead  coming  into  biodiesel  exhaust  can  be  mainly  from 
engine  wear  and  to  a  lesser  degree,  contribution  from  lubricating 
oil  combustion. 

Zinc  (Zn):  Fig.  5  shows  zinc  concentration  in  particulate  drawn 
from  diesel,  biodiesel  and  B20  exhaust  at  varying  engine  load  con¬ 
ditions.  B100  particulates  show  highest  Zn  concentration  for  all 
engine  load  conditions. 

Metals  which  are  found  in  the  fuels  decrease  as  the  load 
increases.  Metals  which  come  from  lubricating  oil  increase  as  the 
load  increases.  Metals,  which  come  from  the  engine  wear  also 
increases  with  the  increase  in  engine  load. 

For  the  metals,  which  are  found  in  biodiesel,  lowest  values 
of  these  metals  present  in  particulates  are  found  at  100%  load 
condition  whereas  metals  which  are  found  in  mineral  diesel,  low¬ 
est  values  of  these  metals  are  found  at  60-80%  load  conditions. 
For  mineral  diesel  at  100%  rated  load,  fuel  quantity  injected  is 
maximum  hence  there  are  several  fuel  rich  zones  where  com¬ 
bustion  does  not  take  place  efficiently  and  unburned  fuel  come 
out  in  the  form  of  engine  exhaust  particulates.  For  biodiesel  at 
100%  load,  there  are  relatively  lesser  fuel  rich  regions  because  of 
the  fuel’s  oxygen  content  hence  its  metal  concentration  keeps  on 
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Fig.  5.  Concentration  of  various  metals  in  exhaust  particulates  with  varying  engine  load  at  1800  rpm. 
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decreasing  up  to  100%  load.  Some  metals  are  found  in  excess  in 
biodiesel’s  particulates,  whereas  some  metals  are  found  in  excess 
in  mineral  diesel  particulates.  Usually  metals,  which  are  already 
present  in  the  fuel  as  a  constituent,  are  observed  to  be  in  the  exhaust 
particulates  in  the  same  proportion.  Metals  that  come  from  engine 
wear  are  not  present  in  biodiesel  exhaust  particulate  due  to  its  self 
lubricating  properties  (leading  to  lesser  wear)  whereas  these  met¬ 
als  are  present  in  diesel  exhaust  particulates.  Mineral  diesel  used 
in  the  experiments  was  ordinary  diesel  (350  ppm  Sulfur,  BSIII)  fuel 
available  for  distribution  in  non-metro  cities,  and  has  sufficiently 
high  level  of  sulfur  content  in  it.  Sulfur  has  an  important  role  in 
self-lubricating  properties  of  diesel  hence  for  ultra  low  sulfur  diesel, 
these  wear  generated  metal  concentrations  would  be  possibly  even 
higher.  [94] 

4.1.2.  Metal  concentration  in  particulates  with  variation  of 
engine  speed  at  constant  load 

As  the  engine  speed  increases  at  constant  load,  concentration  of 
the  metals  in  the  particulates  also  increase,  because  of  lesser  time 
available  for  the  entire  four-stroke  process  of  an  engine  cycle  to 
complete.  Thus,  with  the  increasing  engine  speed,  time  available  for 
the  combustion  decreases  and  hence  quality  of  combustion  dete¬ 
riorates  leading  to  higher  unburnt  fuel  coming  out  in  the  form  of 
particulates.  All  the  engine  tests  were  carried  out  at  50%  rated  load 
at  different  engine  speeds  ranging  from  1400  to  2400  rpm,  in  the 
present  investigations.  The  results  are  shown  in  Fig.  6. 

Calcium  (Ca):  Fig.  6  shows  calcium  concentration  in  particulates 
drawn  from  diesel,  biodiesel  and  B20  exhaust  at  varying  engine 
speed  conditions.  B100  exhaust  shows  highest  Ca  concentration 
throughout  for  the  entire  speed  range.  This  is  possibly  due  to  lower 
calorific  value  of  biodiesel,  which  leads  to  higher  volumetric  fuel 
consumption  for  the  same  load  and  speed  conditions.  Calcium  is 
found  in  abundance  in  diesel  (902.3  p,g/g),  biodiesel  (721.2  p>g/g) 
and  lubricating  oil  (2046.8  p>g/g). 

Magnesium  (Mg):  Fig.  6  shows  magnesium  concentration  in  par¬ 
ticulate  drawn  from  diesel,  biodiesel  and  B20  exhaust  at  varying 
engine  speed  conditions.  B100  exhaust  shows  highest  concen¬ 
tration  of  Mg  and  mineral  diesel  shows  lowest.  As  the  speed 
increases,  difference  between  two  curves  goes  on  decreasing  and 
for  2400  rpm,  magnesium  concentration  for  mineral  diesel  par¬ 
ticulates  is  almost  equal  to  the  magnesium  concentration  from 
biodiesel  particulates. 

Iron  (Fe):  Fig.  6  shows  iron  concentration  in  particulates  drawn 
from  mineral  diesel,  B1 00  and  B20  exhaust  at  varying  engine  speed 
conditions.  Biodiesel  shows  higher  concentration  of  iron  in  exhaust 
particulates.  Mineral  diesel  shows  lowest  Fe  concentration  in  the 
particulates  amongst  all.  Lowest  concentration  of  iron  in  the  par¬ 
ticulate  is  observed  at  1 700  rpm  for  all  fuels. 

Copper  (Cu):  Fig.  6  shows  copper  concentration  in  particulates 
drawn  from  mineral  diesel,  B1 00  and  B20  exhaust  at  varying  engine 
speed  conditions.  Diesel  exhaust  particulates  show  relatively  very 
high  level  of  copper  concentration,  B100  shows  almost  no  trace 
of  copper  in  the  particulates.  B20  shows  copper  concentration  in 
particulates  in  between  diesel  and  B100. 

Chromium  (Cr):  Fig.  6  shows  chromium  concentration  in  partic¬ 
ulates  drawn  from  diesel,  B100  and  B20  exhaust  at  varying  engine 
speed  conditions  at  constant  engine  load. 

Mineral  diesel  showed  low  Cr  concentration  in  the  exhaust 
particulates  for  lower  engine  speed  however  as  the  engine  speed 
increases,  difference  between  mineral  diesel  and  B100  converges. 
For  speeds  greater  than  2000  rpm,  B100  gives  lowest  concentra¬ 
tions  of  Cr  in  the  exhaust  particulates.  It  seems  that  at  higher  engine 
speeds,  fuel  bound  oxygen  in  biodiesel  plays  a  role.  Moreover  self- 
lubricating  properties  of  biodiesel  also  reduces  contribution  via 
wear  of  the  engine  components  and  keeps  lubricating  oil  free  from 
metal  debris  and  reduces  mixing  of  lubricating  oil  with  fuel  also. 


Sodium  (Na):  Fig.  6  shows  sodium  concentration  in  particu¬ 
late  drawn  from  diesel,  B100  and  B20  exhaust  at  varying  engine 
speed  conditions.  Diesel  particulates  show  highest  concentration 
of  sodium  among  all  fuels. 

Nickel  (Ni):  Fig.  6  shows  nickel  concentration  in  particulates 
drawn  from  diesel,  B100  and  B20  exhaust  at  varying  engine  speed 
conditions  at  constant  engine  load.  B20  shows  a  constant  value 
for  all  the  engine  speeds.  At  2000  and  2200  rpm,  Ni  was  in  non- 
detectable  range  for  biodiesel  particulates  and  even  with  increase 
in  engine  speed,  it  does  not  show  any  significant  change  in  Ni 
concentration  in  particulates.  Highest  concentration  of  Ni  in  par¬ 
ticulates  is  observed  from  mineral  diesel. 

Lead  (Pb):  Fig.  6  shows  lead  concentration  in  particulates  drawn 
from  diesel,  B100  and  B20  exhaust  at  varying  engine  speed  condi¬ 
tions.  Lowest  Pb  concentration  is  observed  from  Biodiesel  and  the 
highest  concentration  of  Pb  in  particulates  is  observed  from  mineral 
diesel. 

Zinc  (Zn):  Fig.  6  shows  zinc  concentration  in  particulates  drawn 
from  diesel,  B100  and  B20  exhaust  at  varying  engine  speed  con¬ 
ditions.  Zinc  content  is  highest  throughout  the  speed  range  for 
particulates  from  biodiesel  since  the  Zn  concentration  is  high  in 
biodiesel  (Table  7).  This  is  found  to  be  lowest  in  the  particulates 
drawn  from  mineral  diesel.  Every  graph  for  an  individual  fuel  has 
its  minimum  value  at  1 700  rpm  for  the  presence  of  Zn  in  the  partic¬ 
ulates.  Rated  speed  for  maximum  load  for  this  engine  was  1 800  rpm 
which  gives  an  indication  of  most  stable  combustion  at  1800  and 
1700  rpm  is  the  closest  engine  speed  chosen  for  the  present  inves¬ 
tigation. 

There  are  several  other  studies  carried  out  to  observe  the  metal 
emissions  in  particulates  from  diesel  engine.  One  such  study  was 
conducted  by  Sharma  et  al.  [93]  and  they  compared  their  results 
with  some  other  studies  available  in  open  literature.  Fe,  Mg,  Cr,  Ni, 
Pb,  Zn,  Ca,  Ba  and  Cd  were  measured  in  diesel  particulate  under  vari¬ 
ous  engine  loading  conditions.  The  experimental  study  showed  that 
concentrations  of  Fe,  Mg,  Ca  (crust  elements)  were  much  higher 
than  those  of  Cr,  Ni,  Pb,  Zn,  Ba  and  Cd  (anthropogenic  elements). 
The  metal  concentrations  determined  in  that  study  were  compared 
with  the  results  of  Wang  and  Huang  [95]  (Fig.  7). 

Brake  specific  fuel  consumption  of  diesel  engine  decreases  with 
increase  in  load  and  this  is  reflected  in  reduced  emission  of  metals 
with  increasing  engine  load  [93].  Although  the  metal  levels  were 
generally  lower  (by  a  factor  of  1  -3)  in  this  study  compared  to  those 
reported  by  Wang  and  Huang  [95]  at  full  load,  the  relative  emission 
trend  from  one  metal  to  another  was  similar  (Fig.  7). 

Wang  and  Huang  [95]  reported  that  most  of  the  emissions 
of  metals  in  diesel  particulates  are  from  metals  present  in  min¬ 
eral  diesel;  therefore,  it  is  desirable  to  compare  metal  contents 
in  emission  with  metals  present  in  mineral  diesel.  Fe,  Mg,  Cr, 
Ni,  Zn,  Pb,  Ca,  Ba,  and  Cd  were  measured  in  diesel  (Fig.  8). 
The  correlation  coefficient  between  metal  contents  of  diesel 
and  DPM  was  found  to  be  0.73  [93].  Profile  showed  in  Fig.  8 
(between  metal  contents  of  diesel  and  DPM)  suggests  that  con¬ 
centration  of  metals  in  DPM  is  dependent  on  metal  content  in 
diesel;  similar  results  were  earlier  reported  by  Wang  and  Huang 
[95]. 

The  particles  emitted  from  diesel  engines  are  mainly  aggregates 
of  spherical  carbon  particles  coated  with  organic  and  inorganic 
substances  with  the  composition  of  the  particles  being  pre¬ 
dominantly  80-90%  organic  and  inorganic  carbon.  Fig.  9  shows 
DPM  composition  at  70%  load  in  the  study  compared  by  the 
composition  given  by  Volkswagen  [96]  at  100%  engine  load. 
The  other  components  in  Fig.  9  include  nitrogen,  hydrogen, 
oxygen,  and  sulfur  (estimated  by  difference).  It  can  be  seen  that  the 
broad  composition  of  the  particulates  remains  same  with  load  and 
also  when  compared  to  the  study  of  Volkswagen  [96].  The  particle 
composition  of  DPM  exhaust  emissions  can  vary  greatly  depending 
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Fig.  6.  Concentration  of  various  metals  in  exhaust  particulates  with  varying  engine  speeds  at  50%  rated  load. 


on  the  engine  type,  engine  speed  and  load,  fuel  composition,  lubri¬ 
cating  oil  type  and  emission  control  technology  [97].  Therefore, 
there  is  a  need  to  account  for  varying  DPM  composition  while  esti¬ 
mating  (i)  emission  source  profile,  (ii)  emission  inventory  and  (iii) 
health  implications  of  DPM  [93]. 


4.2.  BSOF  estimations 

Analysis  for  benzene  soluble  organic  fraction  (BSOF)  of  the 
particulate  samples  was  carried  out  using  ASTM  test  method  D 
4600-87  (ASTM,  2001)  [98].  This  method  is  also  recommended  by 
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Fig.  7.  Metal  concentration  in  DPM  at  100%  engine  load  [93]. 


Fig.  8.  Profile  of  metal  content  in  diesel  and  DPM  [93]. 


the  National  Institute  of  Occupational  Safety  and  Health  (NIOSH), 
USA  to  represent  the  toxic  organic  compounds  in  the  particulate. 
This  test  method  describes  the  sampling  and  gravimetric  determi¬ 
nation  of  BSOF  of  particulates. 

4.2.  I .  BSOF  with  variable  load  at  constant  speed 

As  shown  in  the  Fig.  10,  BSOF  percentage  in  the  particulate  mat¬ 
ter  for  B1 00  is  highest  and  for  diesel  is  lowest  among  the  three  fuels 
tested.  At  no  load  condition,  quality  of  combustion  is  relatively  poor 
and  the  amount  of  unburned  fuel  coming  out  of  the  engine  exhaust 
is  high.  BSOF  of  the  particulates  mainly  consist  of  organic  portion  of 
the  fuel  itself  and  pyrolyticaly  generated  organic  products  formed 
during  the  process  of  soot  formation  [94]. 

As  the  engine  load  increases,  BSOF  of  particulates  decreases. 
At  higher  engine  load,  combustion  efficiency  is  relatively  superior 
hence  amount  of  unburned  fuel  decreases  thus  amount  of  BSOF 


0  20  40  60  80  100 
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Fig.  10.  BSOF  percentage  in  terms  of  mass  of  total  particulates  with  varying  load 
conditions. 

in  particulates  also  decreases.  Previous  studies  done  on  biodiesel 
exhaust  showed  a  reduction  in  total  mass  of  particulates  [99]. 
Oxygen  content  of  biodiesel  mainly  reduces  the  high  carbon  con¬ 
centration  part  of  particulates  i.e.  soot.  Samples  of  diesel  exhaust 
particulates  are  relatively  darker  in  color  and  stickier  than  biodiesel 
exhaust.  B20  seems  like  a  good  compromise  between  mineral  diesel 
and  biodiesel.  BSOF  percentage  for  B20  was  more  than  mineral 
diesel  and  less  than  biodiesel.  At  higher  engine  loads,  BSOF  per¬ 
centage  from  B20  was  either  very  close  or  sometimes  even  less 
than  mineral  diesel. 

Results  of  BSOF  from  previous  studies  carried  out  with  mineral 
diesel  are  presented  in  Fig.  1 1  [93].  It  can  be  observed  that  at  idling 
condition,  BSOF  was  about  67%,  which  gets  lowered  with  increase 
in  engine  load.  This  can  be  explained  by  the  fact  that  at  idling,  diesel 
fuel  and  lubricating  oil  undergo  partial  combustion  or  pyrolysis  due 
to  low  temperature  conditions  prevailing  in  the  combustion  cham¬ 
ber.  This  leads  to  higher  hydrocarbon  emissions,  which  are  detected 
as  BSOF. 

These  results  indicated  that  at  low  load  conditions,  the  main 
component  of  the  diesel  particulates  was  soluble  organic  fraction. 
As  the  engine  load  increases,  the  proportion  of  soluble  organic  frac¬ 
tion  decreases  rapidly  from  67%  (at  idling)  to  24%  (at  full  load).  The 
results  of  BSOF  in  DPM  are  compared  with  the  work  of  Ning  et  al. 
[100]  (Fig.  11)  who  examined  the  soluble  organic  fraction  using 
soxhlet  extraction.  It  can  be  observed  that  pattern  of  variations  in 
both  the  studies  is  comparable.  The  BSOF  values  in  the  present  study 
are  lower  than  Ning  et  al.  [100]  possibly  due  to  difference  in  engines 
under  investigation,  and  fuel  composition. 
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4.2.2.  BSOF  with  variable  speed  at  constant  load 

As  clearly  visible  from  the  Fig.  12,  BSOF  percentage  for  B100 
is  highest  at  all  speeds  and  for  mineral  diesel,  it  is  lowest.  B20 
showed  the  converging  trend  with  relatively  higher  values  than 
mineral  diesel  at  low  engine  speed  and  almost  similar  values  at 
higher  engine  speeds.  As  speed  increases,  BSOF  percentage  of  par¬ 
ticulates  from  mineral  diesel,  B20,  and  biodiesel  increases.  As  speed 
increases,  time  available  for  air  to  be  taken  in  during  the  induction 


Fig.  9.  Comparison  of  overall  composition  of  DPM  [93]. 


Fig.  11.  Variation  of  BSOF  from  mineral  diesel  with  engine  load  conditions  [93]. 
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Fig.  12.  BSOF  percentage  in  terms  of  mass  of  total  particulates  with  variable  speed 
at  constant  load. 

stroke,  compression  stroke,  mixing  of  fuel  with  compressed  air  and 
ignition  decreases,  which  increases  the  chances  of  fuel  coming  out 
unburnt  or  partially  burnt  hydrocarbons,  in  the  form  of  BSOF  [94]. 

4.3.  Elemental  and  organic  carbon  in  particulates 

The  results  of  measurement  of  elemental  carbon  (EC)  and 
organic  carbon  (OC)  in  DPM  are  shown  in  Fig.  13. 

It  can  be  seen  that  at  idling  condition,  total  carbon  was  about 
60%  by  weight,  which  gradually  increased  to  75%  at  70%  of  rated 
load  [93].  The  EC  also  showed  similar  gradually  increasing  trend. 
The  trend  of  OC  was  quite  opposite.  OC  was  35%  at  idling,  which 
was  maximum  and  dropped  down  to  25%  at  70%  engine  load.  Since 
benzene  soluble  fraction  is  also  an  indicator  of  organic  carbon,  the 
trends  in  emission  of  BSOF  (Fig.  1 1 )  and  OC  (Fig.  13)  are  quite  similar 
with  respect  to  engine  load.  This  is  an  independent  test  that  OC 
emissions  decrease  with  increase  in  engine  load. 

4.4.  Particulate  size  and  number  distribution  using  B100,  B20, 
and  mineral  diesel 

Since  there  is  transportation  of  aerosol  through  pipes  or  tubes, 
there  has  to  be  some  diffusion  losses  for  the  particulates  since  the 
measuring  size  range  is  between  5.6  and  560  nm.  These  diffusion 
losses  are  proportional  to  the  length  of  the  gas  tube,  and  inversely 
proportional  to  the  sample  flow  and  independent  of  the  tube  inner 
diameter  [99]. 


For  the  EEPS  3090, 

Particle  size 

30  nm 

Length  of  the  gas  tube 

3m 

Sample  flow  rate 

1 1pm 

Diffusion  losses  are 

4%/m 

Therefore  total  losses  approx 

12% 

All  the  data  reported  in  this  section  here  has  been  corrected 
for  the  diffusion  losses,  taking  place  in  the  transportation  pipes. 
Particle  size  here  represents,  electrical  mobility  diameter,  it  does 
not  exactly  represent  the  diameter  of  the  particle  but  it  is  quite 
close  to  its  geometric  diameter  upon  neglecting  its  shape. 

The  particle  size  and  number  distribution  from  the  engine  was 
measured  at  (i)  constant  engine  speed  (1800  rpm)  at  varying  load 


Fig.  13.  Variation  of  EC  and  OC  with  engine  loading  condition  [93]. 


and  (ii)  constant  load  (50%  rated  load)  at  varying  engine  speed  and 
the  results  are  reported  here. 

4.4.1.  Particulate  size  and  number  distribution:  load  variation  at 
constant  engine  speed 

Fig.  14  shows  the  particle  concentration  per  unit  volume  flow 
rate  of  the  exhaust  for  different  size  ranges  of  the  particles  vary¬ 
ing  with  the  variation  of  load  on  the  engine.  The  units  for  particle 
concentration  henceforth  is  #  particles/cc.  In  this  experimental 
study,  three  different  fuels  B20,  biodiesel  and  mineral  diesel  have 
been  used.  Objective  of  the  experiments  was  to  study  the  effects 
of  engine  operating  conditions  i.e.  for  variation  in  load,  on  parti¬ 
cle  size  and  their  number  distribution  for  different  fuel  at  constant 
operating  speeds,  emitted  in  diesel  engine  exhaust. 

B20  showed  highest  particle  concentration  at  no  engine  load 
and  with  the  increase  in  load  i.e.  at  20%  load,  peak  concentration 
decreased  from  2.8  E  + 08  to  1.5  E  +  08.  Peak  particle  concentration 
for  B20  decreases  steadily  with  increase  in  engine  load.  For  B20, 
peak  particle  concentration  with  increase  in  load  varies  as  follows: 
at  no  load  2.8  E  +  08,  at  20%  load  1.5  E  +  08,  40%  load  1.3  E  +  08,  at 
60%  load  1 .0  E  +  08,  at  80%  load  .8  E  +  08,  and  at  1 00%  load  3.4  E  +  07. 
Also  with  increase  in  engine  load,  the  diameter  of  the  particle  in 
highest  number  also  increases  continuously. 

B100  exhaust  shows  highest  particle  concentration  for  most  of 
the  load  varying  driving  conditions.  Highest  particle  concentration 
for  B100  is  achieved  at  60%  load  i.e.  3.05  E  +  08.  For  B100,  exhaust 
particle  concentration  first  increases  with  increase  in  load  i.e.  at 
20%,  it  shows  higher  particle  concentration  as  compared  with  no 
load  condition;  again  at  40%  load,  it  decreases  and  at  60%  load,  it 
reaches  its  maximum  value  of  all  conditions.  After  60%,  at  80%  and 
100%  load,  it  decreases  gradually.  However  it  can  be  noticed  that 
biodiesel  emits  30-40  nm  particles  in  maximum  number  concen¬ 
trations  at  almost  all  the  loads. 

For  B100,  peak  particle  concentration  with  increase  in  load  var¬ 
ied  as  follows:  at  no  load  2.0  E  +  08,  at  20%  2.9  E  +  08,  40%  load  2.3 
E  +  08,  at  60%  load  3.05  E  +  08,  at  80%  load  2.6  E  +  08,  and  at  100% 
load  1.8  E  +  08. 

Mineral  diesel  shows  lowest  peak  particle  concentration  for 
low  engine  load  conditions  as  load  increases,  B20  particle  con¬ 
centration  comes  very  close  to  diesel  particle  concentration  and 
for  very  high  loads,  B20  shows  lower  particle  concentration  than 
mineral  diesel.  Among  the  three  fuels  used,  mineral  diesel  shows 
peak  particle  concentration  for  the  largest  particles  among  the 
three  fuels.  Up  to  80%  load,  diesel  shows  a  trend  of  decreasing 
peak  particle  concentration  but  at  100%  load,  suddenly  peak  par¬ 
ticle  concentration  rises  very  sharply  in  the  range  of  bigger  size 
particles.  Peak  particle  concentration  with  increase  in  load  varied 
as  follows:  at  no  load  1.3  E  +  08,  at  20%  1.25  E  +  08,  40%  load  1.25 
E  +  08,  at  60%  load  7  E  +  07,  at  80%  load  8  E  +  07,  and  at  1 00%  load  1 .2 
E  +  08. 

At  no  load,  B20  exhaust  showed  exceptionally  high  particle  con¬ 
centration.  Rate  of  decrease  of  particle  concentration  for  B20  was 
highest  and  though  it  started  from  a  very  high  concentration  of 
particles  at  40%  load,  it  matched  the  peak  particle  concentration  of 
mineral  diesel.  After  40%  load,  peak  concentration  of  B20  exhaust 
particles  and  mineral  diesel  exhaust  particles  lie  in  the  same  plane 
or  B20  was  having  lower  values  of  peak  particle  concentration  but 
peaks  for  B20  were  shifted  in  left  direction  i.e.  smaller  particle  con¬ 
centration  were  high  for  B20  exhaust  than  mineral  diesel  exhaust. 

For  B100,  particle  concentration  remains  high  throughout  the 
load  varying  engine  operating  conditions  with  their  peak  values 
at  lower  particle  size.  Up  to  40%  load,  peak  particle  concentra¬ 
tion  for  mineral  diesel  remained  very  close  to  34  nm  range.  For 
loads  higher  than  60%  peak  particle  concentration  shifted  to  big¬ 
ger  size  particles,  close  to  80  nm  range.  Among  the  three  fuels  for 
all  loads,  depending  on  the  engine  operating  range,  mineral  diesel 
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Fig.  14.  Particle  size  vs.  number  per  unit  volume  (/cm3)  at  rated  speed  1800rpm  for  varying  load  conditions  (no  load,  20%  load,  40%  load,  60%  load,  80%  load,  100%  rated 
load). 


exhaust  showed  peak  concentrations  for  biggest  size  particles  i.e. 
diesel  particle  number  peak  values  were  always  shifted  in  the  right 
direction. 

4.4.2.  Particulate  size  and  number  distribution:  Speed  variation 
at  constant  engine  load 

To  study  the  effect  of  speed  variation  on  particle  size  and  num¬ 
ber  distribution,  various  engine  operating  speeds  have  been  chosen. 
Engine  was  operated  at  these  operating  speeds  for  some  time  to 
achieve  stabilization  so  that  repeatability  of  experiments  can  be 
ensured.  At  these  operating  speeds,  engine  was  operated  at  con¬ 


stant  load  using  different  fuels  in  order  to  compare  the  effects  of 
engine  operating  speeds  on  particulate  formation  with  different 
fuels. 

A  fuel  which  gives  very  low  particle  concentration  at  low  engine 
speeds  but  very  high  particle  concentration  at  high  engine  speeds 
cannot  be  recommended  as  a  good  fuel  [94].  Similarly  particle 
size  distribution  very  much  depends  upon  nature  of  fuel  and  its 
response  to  engine  operating  conditions. 

Fig.  15  shows  the  particle  size  and  number  distribution  per  unit 
volume  with  the  variation  of  operating  speed  of  the  engine  at  con¬ 
stant  engine  load  of  50%  rated  load.  In  this  experimental  study,  three 


A.K.  Agarwal  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 1 )  3278-3300 


3295 


Fig.  15.  Particle  size  and  number  distribution  at  50%  rated  engine  load  for  different  engine  operating  speeds. 


different  fuels  B20,  biodiesel  and  mineral  diesel  have  been  used. 
Objective  of  the  experiments  was  to  study  the  effects  of  engine 
operating  conditions  (i.e.  with  variation  in  engine  speed  at  constant 
load),  on  particle  size  and  their  number  distribution  for  different 
fuels. 

B20  gives  very  low  particle  concentration  at  low  engine  speeds, 
i.e.  for  1400  and  1700rpm,  B20  exhaust  particle  concentration 
is  barely  visible  in  the  graph.  Between  1700  and  2000  rpm,  par¬ 
ticle  concentration  for  B20  exhaust  increases  10  times  i.e.  peak 
particle  concentration  at  1700  rpm  is  1.0  E  +  07  and  peak  particle 
concentration  at  2000  rpm  is  1 .0  E  +  08.  After  2000  rpm,  peak  parti¬ 
cle  concentration  increases  gradually.  Peak  particle  concentration 


Fig.  16.  Variation  in  particulate  emission  with  engine  load. 


with  increase  in  speed  varies  as  follows:  at  1400  rpm  1.9  E  +  07,  at 
1 700  rpm  1 .0  E  +  07,  at  2000  rpm  1 .09  E  +  08,  at  2200  rpm  1 .35  E  +  08, 
at  2400  rpm  1 .7  E  +  08,  and  at  2600  rpm  1 .92  E  +  08. 

Biodiesel  shows  highest  peak  particle  concentration  for  all 
speeds.  As  speed  increased,  peak  particle  concentration  also 
increased  gradually.  Peak  particle  concentration  for  B100  exhaust 
always  occurs  in  30-40  nm  size  range.  At  low  engine  speeds,  peak 
particle  concentration  for  B100  exhaust  was  relatively  higher  than 
B20  or  mineral  diesel  exhaust  but  as  the  speed  increases,  differ¬ 
ence  between  these  curves  decreased  i.e.  at  1400  rpm,  biodiesel 
showed  10  times  more  peak  particle  concentration  than  any  other 
fuel  used  whereas  at  2600  rpm  this  difference  decreased  to  only  2 
times.  Peak  particle  concentration  (for  B1 00)  with  increase  in  speed 
varied  as  follows:  at  1400  rpm  2.19  E  +  08,  at  1700  rpm  2.49  E  +  08, 
at  2000  rpm  2.64  E  +  08,  at  2200  rpm  2.79  E  +  08,  at  2400  rpm  2.97 
E  +  08,  and  at  2600  rpm  3.1 5  E  +  08. 

Mineral  diesel  showed  lowest  peak  particle  concentration 
except  for  low  engine  speed  operating  conditions.  Other  than  that, 
mineral  diesel  exhaust  curve  always  remained  below  the  curves 
for  B20  and  B100.  For  low  engine  speeds,  mineral  diesel  did  not 
show  any  visible  peaks  and  the  particles  appeared  to  be  in  a  more 
evenly  size  distributed  form.  For  mineral  diesel,  peak  particle  con¬ 
centration  with  increase  in  speed  varied  as  follows:  at  1400  rpm  2.9 
E  +  07,  at  1700  rpm  3.5  E  +  07,  at  2000  rpm  4.8  E  +  07,  at  2200  rpm 
7.6  E  +  07,  at  2400  rpm  1 .24  E  +  08,  and  at  2600  rpm  1 .47  E  +  08. 
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Fig.  17.  Scanning  Electron  Micrographs  at  rated  speed  (1800rpm)  for  varying  load  conditions  (no  load,  20%  load,  40%  load,  60%  load,  80%  load,  100%  rated  load) 
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Fig.  18.  Scanning  Electron  Micrographs  at  50%  rated  engine  load  for  different  engine  operating  speeds. 


Objectives  of  another  study  by  Dwivedi  et  al.  [  1 01  ]  was  to  exam¬ 
ine  particulate  emission  in  diesel  exhaust  and  biodiesel  blend  (B20) 
exhaust  under  varying  engine  load  conditions.  Fig.  1 6  shows  varia¬ 
tions  of  particulate  emission  under  varying  engine  loads  for  diesel 
and  B20  fuel  at  constant  engine  speed.  Shobokshy  [102]  and  Sharma 
et  al.  [93]  have  reported  that  particulate  concentration  increases 
with  increased  engine  load;  the  same  trend  is  obtained  in  the  study 
by  Dwivedi  et  al.  [101]  for  both  the  fuels  (Fig.  16).  However,  it  is 
noteworthy  that  particulate  emission  is  higher  in  diesel  exhaust  (22 


to  59  mg/m3)  than  B20  exhaust  (17-48  mg/m3).  Studies  by  Sharp 
[103]  and  Wedel  [12]  established  that  a  B20  blend  (approximately 
2%  oxygen  for  RME-20)  reduces  particulate  by  approximately  30% 
compared  to  particulate  in  the  DE.  In  another  recent  study,  three 
test  fuels  namely  low  sulfur  diesel  fuel  (BP15),  a  pure  soybean 
methyl-ester  biodiesel  fuel  (B1 00),  and  a  synthetic  Fischer-Tropsch 
fuel  (FT)  were  tested.  B100  produced  the  highest  PM  emissions 
(concentration  of  1.2  E  +  7/cm3),  but  generally  had  the  smaller  par¬ 
ticle  mean  diameter  (around  38  nm)  [104,105]. 
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Fig.  1 6  shows  that  rate  of  increase  (with  increasing  load)  of  par¬ 
ticulate  emission  is  lower  for  B20  exhaust.  This  lower  increase  in 
particulate  concentration  in  B20  exhaust  can  be  attributed  to  (i) 
higher  oxygen  content  in  B20  and  (ii)  lower  C/H  ratio;  in  B20C/H 
ratio  6.53  compared  to  diesel  6.82  [106,107]  and  (iii)  near  absence 
of  sulfur  and  aromatic  content  of  biodiesel. 

4.5.  Particulate  surface  morphology 

4.5.1.  Variation  in  load  at  rated  rpmfor  mineral  diesel ,  B20  and 
B100  samples: 

SEM  images  for  all  particulate  samples  were  taken  at  lOOOx 
magnification  (Fig.  17).  Filters  were  exposed  for  the  same  (approx¬ 
imately)  duration  through  filter  assembly  connected  in  partial 
dilution  tunnel. 

SEM  images  at  no  load  for  B1 00  shows  that  at  no  load  a  very  fine 
layer  of  agglomerates  has  accumulated.  In  terms  of  total  particle 
accumulation,  at  no  load,  B100  showed  higher  particle  accumula¬ 
tion  than  mineral  diesel  and  B20.  B100  particulate  agglomeration 
decreases  sharply  between  no  load  and  20%  load  and  it  shows 
lower  agglomeration  than  B20  and  mineral  diesel.  B20  and  mineral 
diesel  shows  comparable  particle  agglomeration.  For  40-60%  load 
operating  condition  B100  particulate  depositions  decrease  rapidly 
whereas  mineral  diesel  and  B20  particulate  deposition  increase. 
At  these  operating  conditions,  mineral  diesel  shows  highest  par¬ 
ticulate  deposition  and  biodiesel  (B100)  shows  lowest  particulate 
deposition.  Biodiesel  exhaust  particulate  show  least  size  granular 
structure  whereas  mineral  diesel  shows  biggest  size  granular  struc¬ 
ture.  At  80%  load  operating  condition,  biodiesel  (B100)  shows  least 
particle  agglomerations  compared  to  mineral  diesel  and  B20.  At 
full  load  condition,  B100  particle  accumulation  rises  sharply  but 
still  remains  lower  than  mineral  diesel  and  B20.  Mineral  diesel 
shows  very  big  size  particle  agglomerates  compared  to  B20  and 
B100.  Also,  at  100%  load,  the  structure  of  particulates  changes  from 
granular  structures  to  flake-like  structure.  It  can  be  seen  that  at 
full  load,  B20  exhibits  minimum  amount  of  particulate  accumula¬ 
tion. 

For  B20,  particle  accumulations  decreases  as  load  increases  till 
40%  load  and  after  that  it  rises  again.  At  high  load  conditions,  if  loads 
are  further  increased,  bigger  size  particles  can  be  easily  seen  on  the 
filter  deposits.  For  mineral  diesel,  particle  accumulation  rises  as 
load  increases.  For  mineral  diesel,  as  load  increases  size  of  particles 
also  increases. 

Among  the  three  fuels  used  here,  B100  showed  highest  par¬ 
ticle  accumulation  at  no  load  but  least  particle  accumulation  as 
load  increases.  At  same  load  operating  conditions,  mineral  diesel 
showed  biggest  size  particles  for  all  load  conditions  and  maximum 
particle  accumulation  for  all  loads  except  for  very  low  load  operat¬ 
ing  conditions. 

4.5.2.  Variation  in  speeds  at  50%  load  for  mineral  diesel,  B20  and 
B100  samples 

SEM  images  for  all  particulate  samples  were  taken  at  lOOOx 
magnification  (Fig.  18).  Filters  were  exposed  for  the  same  (approx¬ 
imately)  duration  through  filter  assembly  connected  in  partial 
dilution  tunnel. 

A  common  trend  for  all  fuels  is  that  as  engine  speed  increases, 
SEM  images  looks  more  continuous  and  homogeneous  in  nature 
and  number  of  small  size  particles  increases  rapidly  along  with  total 
number  of  particles. 

Among  B100,  B20  and  mineral  diesel,  total  particle  accumula¬ 
tion  is  maximum  for  mineral  diesel  i.e.  filter  sample  looks  more 
filled  with  particulates.  In  other  words,  mass  of  total  particulate 
seem  higher  for  mineral  diesel  samples. 

At  1400  rpm,  biodiesel  shows  bigger  size  particle  agglomerates, 
whereas  mineral  diesel  shows  smaller  size  particle  agglomerates  in 


flaky  form.  B1 00  shows  maximum  particle  deposition  for  1 400  rpm. 
At  1700  rpm,  total  particulate  accumulation  is  maximum  in  case 
of  mineral  diesel  and  minimum  in  case  of  biodiesel.  Biodiesel  still 
shows  larger  particle  agglomerates  than  mineral  diesel.  At  2000, 
2200  and  2400  rpm,  total  particulate  accumulation  is  maximum  in 
case  of  mineral  diesel  exhaust  particulate,  whereas  biodiesel  still 
shows  bigger  size  particle  agglomerates  than  mineral  diesel.  B20 
particulate  accumulation  is  comparable  to  biodiesel  whereas  its 
particle  size  is  more  close  to  mineral  diesel.  Biodiesel  particulates 
at  2400  rpm  looks  wetter  compared  to  mineral  diesel  particulates. 

SEM  images  for  B100  and  B20  shows  granular  structure  partic¬ 
ulates  with  bigger  grain  size  compared  to  mineral  diesel. 

5.  Conclusions 

This  study  was  carried  out  to  characterize  the  engine  exhaust 
particulate  emissions  from  biodiesel  fuelled  engine  vis-a-vis  min¬ 
eral  diesel.  Experiments  done  to  investigate  metal  concentrations 
showed  that  some  metals  were  excess  in  mineral  diesel  and  some 
were  is  biodiesel,  metals  like  Ca,  Mg,  Fe,  Zn  were  found  in  higher 
quantities  in  biodiesel  exhaust  for  almost  all  operating  conditions 
where  as  metals  like  Cu,  Pb,  Cr,  Ni,  Na  were  found  in  excess  in  min¬ 
eral  diesel  exhaust  particulate.  The  major  results  from  the  study 
showed  that  metals  that  come  from  engine  wear  were  not  present 
in  biodiesel  exhaust  particulate  due  to  its  self  lubricating  prop¬ 
erties.  It  was  clearly  visible  that  metals  coming  out  in  excess  in 
mineral  diesel  exhaust  particulates  were  toxic  in  nature,  and  some 
of  these  toxic  metals  were  not  originally  present  in  the  mineral 
diesel  but  they  came  from  the  engine  wear  or  due  to  lubrication 
failure/combustion  of  lubricating  oil  at  very  high  temperatures.  At 
high  speeds  or  at  high  loads,  biodiesel  performance  remained  con¬ 
sistent  and  did  not  deteriorate  as  it  was  observed  in  case  of  mineral 
diesel. 

The  organic  content  in  diesel  exhaust  measured  through  BSOF 
and  organic  carbon  both  decreased  with  increase  in  engine  load, 
from  maximum  at  idling  condition.  However,  the  elemental  car¬ 
bon  increased  with  increase  in  engine  load.  Samples  collected  of 
mineral  diesel  exhaust  were  relatively  darker  in  color  and  stickier 
than  biodiesel  exhaust.  Biodiesel  and  its  blends  gave  more  BSOF 
in  engine  exhaust  particulates  than  mineral  diesel  at  all  operat¬ 
ing  conditions.  At  higher  engine  loads,  BSOF  percentage  from  B20 
was  either  closer  to  or  even  lesser  than  mineral  diesel.  Experiments 
done  regarding  BSOF  content  in  biodiesel  showed  that  biodiesel 
and  its  blends  gave  more  BSOF  in  engine  exhaust  particulate  mat¬ 
ter  than  mineral  diesel  at  all  operating  conditions,  but  B20  values 
were  very  close  to  mineral  diesel  results.  There  was  a  net  increase  in 
BSOF  for  B20  fuel  as  compared  to  mineral  diesel,  however  biodiesel 
is  non-toxic,  hence  the  increased  level  of  soluble  organic  frac¬ 
tion  may  not  be  viewed  as  hazardous  [108].  However,  hazardous 
nature  of  biodiesel  exhaust  needs  further  investigations  by  speci- 
ating  organic  species  in  biodiesel  exhaust.  This  necessitates  that 
speciation  of  organic  compounds  is  done  for  both  the  fuel  exhausts 
to  clearly  establish  comparative  organic  toxicity. 

Biodiesel  gave  higher  number  of  smaller  particles  in  its  exhaust 
than  mineral  diesel;  combined  figures  of  all  size  particles  were 
also  higher  in  case  of  biodiesel.  Peak  particle  concentrations  for 
biodiesel  were  shifted  towards  smaller  size  particles.  Whereas,  B20 
delivered  better  performance  compared  to  B100,  particle  concen¬ 
trations  for  B20  were  comparable  to  mineral  diesel  and  for  some 
operating  conditions  it  was  even  better  than  mineral  diesel.  As  load 
increases,  B20  emission  performance  in  terms  of  particle  concen¬ 
trations  improves  very  rapidly  and  even  surpasses  mineral  diesel 
emission  performance.  For  all  engine  operating  speeds,  biodiesel 
always  showed  highest  particle  concentration  whereas  B20  gave 
mixed  results.  For  all  operating  conditions  (both  load  and  speed), 
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peak  particle  concentrations  for  B1 00  and  B20  were  always  in  lower 
side,  i.e.  high  small  size  particle  concentrations. 

Scanning  electron  microscope  (SEM)  images  for  B100  and  B20 
showed  granular  structure  particulates  with  bigger  grain  size  com¬ 
pared  to  mineral  diesel.  Among  B100,  B20  and  mineral  diesel,  total 
particle  accumulation  was  maximum  for  mineral  diesel.  In  other 
words,  mass  of  total  particulates  seem  higher  for  mineral  diesel 
samples. 
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